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Summary
Red clover (Trifolium pratense) is a short-lived perennial cultivated in tem-
perate climate zones either alone or in grass-clover mixtures. It has a high
seedling vigour, easy establishment, rapid growth, high yield, high nutri-
tional value and soil improving characteristics. These advantages made red
clover an important crop in agriculture already in the 16th century. How-
ever, an important disadvantage is the low level of persistence, meaning that
most red clover plants only survive and produce optimal yields for two to
three years. The low persistence is at least partially due to the sensitivity
to a range of biotic and abiotic factors, as well as to the intrinsic growth
and regrowth properties of the species. Other important breeding objectives
are increasing the dry matter and seed yield. These three properties - dry
matter yield, seed yield and regrowth as part of persistence - are most prob-
ably influenced by the shoot architecture of the plant. We anticipate that
breeding for plant architectural characteristics, and more specifically shoot
branching characteristics, in red clover could potentially result in progress
of these agronomic relevant properties. However, current knowledge of the
basic factors regulating branching in red clover is very limited. The main
objective of this thesis was therefore to determine the relevance of axillary
meristem initiation, bud dormancy and bud outgrowth to explain branching
differences in red clover, and to study the relationship between plant archi-
tecture on the one side and regrowth on the other side in this crop. To this
purpose, both the morphological and genetic variation of plant architecture
was studied in six red clover genotypes.
Five hypotheses were formulated and investigated in this work. First, we
hypothesise that the spatiotemporal dynamics of node formation and bud
outgrowth determine to a large extent the shoot branching characteristics
of red clover plants. Second, that shoot branching characteristics influence
strongly the regrowth capacity of red clover plants. Third, that the ex-
tensive body of knowledge on strigolactone biosynthesis and signalling in
Arabidopsis thaliana can be used to understand branching in red clover.
Fourth, that branching differences in red clover can be linked to differences
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at the level of gene expression and DNA-sequence diversity. And fifth, that
differences in auxin and/or strigolactone biosynthesis and/or signalling can
be linked to branching differences in red clover. Each of these hypotheses
is handled in a separate chapter.
In Chapter 2, we study the morphological variation of plant architecture
in two red clover genotypes with contrasting branching phenotypes, i.e.
Crossway and Diplomat. To this purpose, we developed an easily applicable
method for the spatiotemporal description and quantification of branching
patterns in red clover and other species with complex shoot architecture
such as Lolium perenne. In Chapter 3, we apply this methodology to de-
scribe the shoot architecture of four additional red clover genotypes with
other architectural characteristics, i.e. Lemmon, Rubitas, Hp and No.16.
The relationship between shoot branching and regrowth is discussed. Ex-
periments were performed on the six red clover genotypes grown in a growth
chamber and in the field, either as isolated plants or in competition with
perennial ryegrass. The analyses presented in Chapter 4 are a transition
between the morphological and the genetic analyses. In this chapter, the
branching phenotype of strigolactone biosynthesis and signalling mutants of
A. thaliana is described using the same method as used for the description
of red clover branching. Chapter 5 is dedicated to the molecular analysis
of branching genes. The expression levels and DNA-sequence diversity of
genes related to axillary meristem initiation, bud dormancy and bud out-
growth is studied in six red clover genotypes. Finally, in Chapter 6, a
physiological analysis of the architecture of six red clover genotypes is per-
formed. The concentrations of the hormones auxins and strigolactones, and
the response of bud outgrowth to these hormones were determined.
From the morphological analyses, we could conclude that both node for-
mation (including bud dormancy) and bud outgrowth are important in ex-
plaining inter-genotype differences for branching, while axillary meristem
initiation does not play a relevant role. The most relevant aspects for re-
growth are the number of nodes that remain in the basal zone after cutting
and the outgrowth capacity of the buds present in this zone. Therefore,
selecting genotypes with a high number of first-order branches, short in-
ternodes and able to resume growth from the nodes that remain in the
uncut zone should allow creating cultivars with a good regrowth.
Interestingly, characteristics explaining branching differences between red
clover genotypes also explained differences between the wild type and the
A. thaliana strigolactone biosynthesis and signalling mutants, suggesting
that the strigolactone pathway is a relevant candidate to investigate fur-
ther in red clover. In a further step, candidate genes involved in the bio-
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logical processes related to branching, including genes of the strigolactone
biosynthesis and signalling pathways, were identified in red clover based
on orthology to genes from model species. Genetic analyses revealed that
higher expression levels of TpD27 in Lemmon than in Crossway might ex-
plain differences in bud outgrowth. Additionally, the longer lag time to
bud outgrowth in Rubitas than in Lemmon and Crossway might relate to
differences regarding the expression levels of TpAXR1, TpD27, TpMAX4,
TpMAX1-1 and TpCRE1. Non-synonymous polymorphisms in TpMAX1-1
are possibly related to the poorly branched phenotype of Diplomat, Ru-
bitas, Hp and No.16. Additionally, non-synonymous polymorphisms in an
important domain of TpBRC1 were identified in Lemmon, Diplomat and
Rubitas. Finally, differences in auxin and strigolactone biosynthesis and
sensitivity were observed among the six genotypes, which could lay at the
basis of the observed branching differences.
We can thus conclude that both node formation and bud outgrowth are im-
portant processes determining the branching differences in red clover. The
auxin and strigolactone pathways are as well in red clover as in other species
involved in both processes. Additionally, we have shown that branching
characteristics and regrowth are interconnected in red clover. These results
regarding branching in red clover will serve as basis in future research in-
cluding a larger number of genotypes to identify morphological and genetic
markers that can be used in red clover breeding.
v

Samenvatting
Rode klaver (Trifolium pratense) is een kort levende meerjarige plant geteeld
in gematigde klimaten ofwel in monocultuur ofwel in gras-klaver mengsels.
Het heeft een sterke groei als zaailing, gemakkelijke vestiging, snelle groei,
hoge opbrengst, hoge voedingswaarde en bodem verbeterende eigenschap-
pen. Deze voordelen maakten van rode klaver reeds in de 16de eeuw een
belangrijk landbouwgewas. Een belangrijk nadeel, echter, is de lage graad
van persistentie, wat betekent dat de meeste rode klaver planten slechts ge-
durende twee tot drie jaar overleven en optimale opbrengsten produceren.
De lage persistentie is ten minste gedeeltelijk te wijten enerzijds aan de
gevoeligheid voor een aantal biotische en abiotische factoren, en anderzijds
aan de intrinsieke groei en hergroei eigenschappen van de soort. Andere
belangrijke veredelingsdoelen zijn het verhogen van de droge stof en zaad-
opbrengst. Deze drie eigenschappen - droge stof opbrengst, zaadopbrengst
en hergroei als deel van persistentie - worden zeer waarschijnlijk be¨ınvloed
door de scheut architectuur van de plant. We verwachten dat de veredeling
naar plant architecturale eigenschappen, en meer specifiek scheut vertak-
kingseigenschappen, in rode klaver mogelijk resulteren in een vooruitgang
van deze landbouwkundig relevante eigenschappen. De huidige kennis van
de basis factoren die vertakking in rode klaver reguleren is echter zeer be-
perkt. Het algemeen doel van deze thesis was daarom om het belang van
axillaire meristeem initiatie, knopdormantie en knopuitgroei te bepalen om
de vertakkingsverschillen in rode klaver te kunnen verklaren. Ten tweede
wilden we in dit gewas het verband bepalen tussen plant architectuur ener-
zijds en hergroei anderzijds. Om dit te bereiken, werden zowel de morfo-
logische als de genetische variatie van plant architectuur bestudeerd in zes
rode klaver genotypen.
We formuleerden en onderzochten vijf hypothesen. Ten eerste, de spatio-
temporale dynamiek van nodevorming en knopuitgroei bepaalt voor een be-
langrijk deel de scheut vertakkingseigenschappen van rode klaver planten.
Ten tweede, scheut vertakkingseigenschappen hebben een grote invloed op
de hergroei van rode klaver. Ten derde, de uitgebreide kennis over strigolac-
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ton biosynthese en signalisatie in Arabidopsis thaliana kan gebruikt worden
om de vertakking van rode klaver te begrijpen. Ten vierde, vertakkings-
verschillen in rode klaver kunnen gekoppeld worden aan verschillen op het
niveau van genexpressie en DNA-sequentie diversiteit. En ten vijfde, ver-
schillen in auxine en/of strigolacton biosynthese en/of signalisatie kunnen
gekoppeld worden aan vertakkingsverschillen in rode klaver. Elk van deze
hypothesen worden behandeld in een hoofdstuk.
In Hoofdstuk 2 bestuderen we de morfologische variatie van plant ar-
chitectuur in twee rode klaver genotypen met contrasterende vertakkings-
fenotypen, i.e. Crossway en Diplomat. Om dit te bereiken, ontwikkelden we
een gemakkelijk toepasbare methode voor de spatiotemporale beschrijving
en kwantificatie van vertakkingspatronen in rode klaver en andere soorten
met een complexe scheut architectuur zoals Lolium perenne. In Hoofdstuk
3 passen we deze methodologie toe om de scheut architectuur van vier extra
rode klaver genotypen met andere architecturale eigenschappen, i.e. Lem-
mon, Rubitas, Hp and No.16, te beschrijven. Het verband tussen scheut
vertakkingseigenschappen en hergroei wordt bediscussieert. Deze experi-
menten werden uitgevoerd op de zes rode klaver genotypen gegroeid in een
groeikamer en op het veld, ofwel als ge¨ısoleerde planten, ofwel in competitie
met Engels raaigras. De analyses voorgesteld in Hoofdstuk 4 vormen een
overgang tussen de morfologische en genetische analyses. In dit hoofdstuk
wordt het vertakkingsfenotype van de strigolacton biosynthese en signali-
satie mutanten van A. thaliana beschreven, gebruik makende van dezelfde
methode als deze gebruikt voor de beschrijving van rode klaver vertakking.
Hoofdstuk 5 is gewijd aan de moleculaire analyse van vertakkingsgenen.
De expressie niveaus en DNA-sequentie diversiteit van genen gerelateerd
met axillaire meristeem initiatie, knopdormantie en knopuitgroei wordt be-
studeerd in zes rode klaver genotypen. Uiteindelijk wordt in Hoofdstuk 6
een fysiologische analyse uitgevoerd van de architectuur van zes rode klaver
genotypen. De concentraties van de hormonen auxine en strigolacton, en
de response van knopuitgroei op deze hormonen werden bepaald.
Vanuit de morfologische analyses konden we besluiten dat zowel nodevor-
ming (knopdormantie inbegrepen) als knopuitgroei belangrijk zijn in het
verklaren van inter-genotype verschillen in vertakking, terwijl axillaire me-
risteem initiatie geen belangrijke rol speelt. De belangrijkste aspecten voor
hergroei zijn het aantal noden die overblijven in de basale zone na knip-
pen en de uitgroei capaciteit van de knoppen aanwezig in deze zone. Het
selecteren van genotypen met een hoog aantal eerste-orde takken, korte in-
ternoden en met de mogelijkheid om groei te hervatten vanuit de noden die
overblijven in de basale zone, zou daarom moeten toelaten om cultivars te
bekomen met een goede hergroei.
viii
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Eigenschappen die de vertakkingsverschillen tussen rode klaver genotypen
verklaren, verklaren ook de verschillen tussen wild type en de A. thaliana
strigolacton biosynthese en signalisatie mutanten, wat suggereert dat de stri-
golacton pathway een relevante kandidaat is om verder te onderzoeken in
rode klaver. In een volgende stap werden kandidaat genen betrokken in de
biologische processen gerelateerd aan vertakking, met inbegrip van de genen
van de strigolacton biosynthese en signalisatie pathways, ge¨ıdentificeerd in
rode klaver gebaseerd op orthologie met genen van model soorten. Uit ge-
netische analyses bleek dat hogere expressie niveaus van TpD27 in Lemmon
dan in Crossway mogelijk hun verschillen in knopuitgroei verklaren. Boven-
dien relateert het langere tijdsinterval tot knopuitgroei in Rubitas dan in
Lemmon en Crossway mogelijk met de verschillen in de expressie niveaus
van TpAXR1, TpD27, TpMAX4, TpMAX1-1 en TpCRE1. Niet-synonieme
polymorfismen in TpMAX1-1 zijn mogelijk gerelateerd met het weinig ver-
takte fenotype van Diplomat, Rubitas, Hp en No.16. Bovendien werden
niet-synonieme polymorfismen ge¨ıdentificeerd in een belangrijk domein van
TpBRC1 in Lemmon, Diplomat en Rubitas. Finaal werden verschillen in
auxine en strigolacton biosynthese en gevoeligheid geobserveerd tussen de
zes genotypen, welke mogelijk aan de basis liggen van de geobserveerde
vertakkingsverschillen.
We kunnen dus besluiten dat nodevorming en knopuitgroei belangrijke pro-
cessen zijn in het bepalen van de vertakkingsverschillen in rode klaver. De
auxine en strigolacton pathways zijn zowel in rode klaver als in andere soor-
ten betrokken in beide processen. Bovendien werd een verband gevonden
tussen vertakkingseigenschappen en hergroei in rode klaver. Deze resultaten
met betrekking tot vertakking in rode klaver zullen dienen als basis in verder
onderzoek met een groter aantal genotypen om morfologische en genetische
merkers te identificeren die gebruikt kunnen worden in de veredeling van
rode klaver.
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General introduction
Chapter 1
1.1 Red clover (Trifolium pratense L.):
botanical description and agricultural
uses
Red clover (Trifolium pratense L.) (Figures 1.1 and 1.2A) is a short-lived
perennial closely related to Medicago truncatula. It belongs to the family
of the Fabaceae and is one of about 250 species of the genus Trifolium.
However, only about 11 species are used in agriculture. The genus Tri-
folium has been divided into eight sections. Red clover belongs to section
Trifolium and subsection Trifolium together with two annual and one peren-
nial species: T. noricum, T. pallidum and T. diffusum (Choi et al., 2004;
Taylor & Quesenberry, 1996).
Red clover stems can reach lengths of up to 80 cm, and grow from the crown
that is positioned slightly above the soil level. In most red clover plants, the
main axis does not elongate before flowering (Figure 1.1). Red clover has a
taproot (Figure 1.1), with variations in the level of development and in the
abundance of adventitious roots depending on for example the genotype, the
growth habit of the plant or the soil density (Taylor & Quesenberry, 1996).
In the roots, a symbiotic relationship is established with Rhizobium legumi-
nosarum biovar trifolii that results in the fixation of nitrogen (Boller et al.,
2010). In general, leaves are trifoliate and have usually a white V-mark.
The inflorescence is a terminal head consisting of up to 300 flowers (Figure
1.1) (Taylor & Quesenberry, 1996). Red clover is a cross-pollinator with
a gametophytic self-incompatibility system controlled by the S-locus, and
displays inbreeding depression (Taylor & Quesenberry, 1996). As a conse-
quence, red clover plants are highly heterozygous, and populations contain
high levels of genetic diversity (Dias et al., 2008; Morris & Greene, 2001).
Wild red clover plants are mainly diploid (2n=2x=14), but for agricultural
use both diploid and tetraploid (2n=4x=28) cultivars have been produced
(Boller et al., 2010; Taylor & Quesenberry, 1996). Tetraploids have on av-
erage a higher biomass yield and persistence, but a lower seed yield than
diploids (Taylor, 2008).
Red clover is classified as a long-day species, i.e. it requires long days to
initiate stems and flowers. The critical day length for intermediate flow-
ering red clover cultivars is between 13 h and 16 h (Bowley et al., 1987).
Longer days result in longer internodes than shorter days, and in a delay
in the time of flowering (Taylor & Quesenberry, 1996). Red clover does
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not require vernalisation, but cold treatments may accelerate flowering in
some populations from northern latitudes (Bowley et al., 1987; Taylor &
Quesenberry, 1996). Additionally, the temperature does not influence the
ability to flower, but higher temperatures induce an earlier time of flowering
(Vescovi, 1983). A base temperature of 0 to 5 ◦C and an optimum of about
25 ◦C are appropriate for leaf and stem development in most temperate
pasture species, including red clover (Black et al., 2009).
Figure 1.1: Trifolium pratense L. (Kops & van Hall, 1828).
The high seedling vigour, easy establishment, rapid growth, high yield and
soil improving properties (such as contribution of nitrogen and organic mat-
ter) of red clover stimulated its use in agriculture, first in temperate regions
of Europe, and finally worldwide (Boller et al., 2010; Taylor & Quesen-
berry, 1996). Already in the 16th century, red clover was an important
crop in Flemish agriculture (Taylor & Quesenberry, 1996). However, its us-
age declined in the 20th century with the development of the Haber-Bosch
method to industrially produce nitrogen, and hereby overcoming the need
of nitrogen-fixing crops such as red clover (Kjaergaard, 2003). From 1960
onwards, there was almost no red clover cultivation remaining in Flanders
(De Vliegher, 2007). This trend was slightly reversed recently and nowadays
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we can speak of a renewed interest in red clover in Flanders and other re-
gions of the world for grazing, ensiling and soil improvement. This was due
to the increasing energy costs connected with the Haber-Bosch method,
and to the negative effects of the use of synthetic fertilisers on the envi-
ronment (Kjaergaard, 2003; Taylor, 2008). An other reason for renewed
interest in red clover is its high nutritional value, because of high protein
(up to 20 % of dry matter) and polyunsaturated fatty acids (0.62 % of dry
matter) contents, hereby increasing the quality of milk and meat (Bertilsson
& Murphy, 2003; Dewhurst et al., 2003a,b; Rattray, 2005). An advantage
regarding ensiling is the polyphenol oxidase enzyme, which prevents break-
down of proteins during ensiling (Boller et al., 2010). Finally, the need for
a more sustainable agriculture also promotes red clover because it is a very
suitable source of in-farm produced proteins.
In Flanders, red clover is mostly cultivated in combination with grasses such
as Lolium perenne or Lolium multiflorum (Figure 1.2B,C) (De Vliegher,
2008). Alternative crops for red clover in Flemish agriculture are white
clover (Trifolium repens) and alfalfa (Medicago sativa) (De Vliegher & Car-
lier, 2008). White clover has, in contrast to alfalfa and red clover, no tap
root but forms stolons. As a consequence, white clover spreads rapidly and
is more persistent. Both white clover and red clover grow easily on poorly
drained soils. However, white clover is more sensitive to drought than red
clover (Griffin, 1914) and has lower dry matter yields (4.4-9.7 ton/ha.year)
than red clover (10.9-13.9 ton/ha.year). Also in combination with ryegrass,
white clover/ryegrass has a lower dry matter yield than red clover/ryegrass,
8.7-14.1 ton/ha.year and 13.0-18.9 ton/ha.year, respectively (De Vliegher,
2007). Alfalfa in monoculture (10.6-15.7 ton/ha.year) has higher dry mat-
ter yields than red clover, while alfalfa/ryegrass mixtures have comparable
dry matter yields (13.6-18.6 ton/ha.year) to those of red clover/ryegrass
mixtures (De Vliegher, 2007). Although alfalfa is a rather drought tolerant
species, it does not render high yields on poorly drained or acid soils (Grif-
fin, 1914). During harvesting and early stages of ensiling, plant membranes
are ruptured, releasing proteolytic enzymes that rapidly degrade available
substrates. Once fermentation by lactobacteria has progressed sufficiently
to lower pH to less than about 5, proteolytic activity slows significantly
(Sullivan et al., 2004). Postharvest proteolysis in silage made from forage
legumes can be reduced by the presence of either tannins or polyphenol
oxidase activity (Sullivan et al., 2004; Winters & Minchin, 2001). However,
neither white clover nor alfalfa do contain tannins and have also very low
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levels of the polyphenol oxidase enzyme (Winters & Minchin, 2001). Nev-
ertheless, white clover has been bred for higher levels of tannins (Burggraaf
et al., 2006).
Despite all the positive properties of red clover described above, one main
disadvantage is its low level of persistence (Boller et al., 2010), defined
as the capacity of the plants to survive and produce optimal yields over
several seasons (Herrmann et al., 2008; Taylor & Quesenberry, 1996). The
persistence can be increased by selection of cultivars adapted to particular
environments and with a high degree of disease resistance (see below). Well
adapted red clover plants can persist as long as five seasons. However, most
red clover plants only persist for two to three years (Black et al., 2009; Taylor
& Quesenberry, 1996). This is a serious problem for agricultural practice,
as monocultures of red clover are profitable during a limited number of
seasons. In combination with grasses, red clover is usually outcompeted
during the first seasons, altering the initial clover/grass proportion (Figure
1.2B,C) (Hyslop et al., 1999; Rattray, 2005; Taylor & Quesenberry, 1996).
A CB
Figure 1.2: (A) A spaced red clover plant in the field, (B) plots of various red clover
cultivars (picture courtesy of Tim Vleugels, ILVO), (C) spaced red clover plants in a
perennial ryegrass field.
1.2 Red clover breeding
1.2.1 Breeding targets and achievements
The most important breeding objectives in red clover are increased dry
matter yields and higher levels of disease resistance and persistence (Boller
et al., 2010). Red clover is a high-yielding crop but it does not tolerate
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intensive grazing or cutting, which has an impact on persistence (Boller
et al., 2010). Furthermore, the low persistence is at least partially due
to the sensitivity to a range of biotic and abiotic factors, as well as to
the intrinsic growth and regrowth properties of the species (Boller et al.,
2010; Ravagnani et al., 2012). Important diseases in red clover are crown
rot caused by Sclerotinia trifoliorum, southern and northern anthracnose
caused by respectively Colletotrichum trifolii and Kabatiella caulivora, and
powdery mildew caused by Erysiphe polygoni. Red clover persistence is also
negatively influenced by nematodes such as Dithylenchus dipsaci (Boller
et al., 2010). Relevant abiotic factors that affect red clover growth and
persistence are low temperatures, flooding, drought, competition with other
plants and cutting frequency (Bosworth & Stringer, 1985; Ravagnani et al.,
2012).
Considerable improvement of persistence and biomass yield has been ob-
tained by breeding programs all over the world. An example is the im-
provement of the duration of a reliable stand from an initial two to four
seasons after four decades of dedicated selection (Boller et al., 2010). Fur-
thermore, great progress in persistence of early flowering, multiple-cut types
of red clover was obtained by the use of Swiss Mattenklee germplasm (Boller
et al., 2010). To obtain a higher persistence under intensive grazing one fo-
cused on plant morphology, pursuing more profuse and finer stems, a more
prostrate growth habit and vegetative reproductive characteristics. Exam-
ples are G27, Crossway and Broadway which have an improved dry matter
yield and persistence (Ford & Barrett, 2011). Breeding progress in terms
of forage yield potential is rather slow, as suggested by a number of old
cultivars which perform better than newer recommended cultivars. Sub-
stantial improvement in forage yield of red clover was obtained by inducing
polyploidy. Tetraploid cultivars have a significantly higher biomass yield,
better persistence and disease resistance compared to their diploid ances-
tors (Boller et al., 2010). Resistance to southern and northern anthracnose
has been obtained in a high number of cultivars. Resistant cultivars to
powdery mildew are also available, although some cultivars became suscep-
tible again possibly due to increased aggressiveness of the existing pathogen
races. Some diploid and tetraploid cultivars have limited resistance to crown
rot, but breeding for this trait has been difficult (Taylor, 2008).
An additional breeding objective, of particular relevance for breeding com-
panies and for the market success of red clover cultivars, is high seed yield
(Boller et al., 2010). Red clover seed yields are rather variable, and in
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many cases low. Especially tetraploid cultivars, which have larger flowers
resulting in a more difficult pollination, have often low seed yield (Monks
et al., 2010; Rattray, 2005; Taylor & Quesenberry, 1996; Vleugels et al.,
2014, submitted).
Finally, another breeding objective is the forage quality. Red clover is rich in
proteins, but contains relatively little amounts of soluble carbohydrates, and
is less digestible than forage grasses. Although these disadvantages can be
overcome by growing red clover in combination with highly digestible grasses
(Boller et al., 2010), the improvement of the intrinsic forage quality of red
clover is also the focus of current breeding efforts (Vasiljevic et al., 2009).
Additionally, secondary plant metabolites are important. Red clover con-
tains high concentrations of phytoestrogens, especially formononetin, which
disrupt the normal reproductive cycle in sheep. Therefore, breeding for
low levels of these compounds is important. Additionally, interest has been
raised for breeding red clover with a high activity of polyphenol oxidase
(Boller et al., 2010; Vasiljevic et al., 2009).
1.2.2 Breeding methods
The self-incompatibility system active in red clover prevents the mainte-
nance of genotypes via self-pollination. However, they can be maintained
by cuttings. The most frequently used breeding methods for red clover are
mass selection and family selection, in which the plants are open pollinated.
Less frequently used methods are polycross and strain building (Taylor &
Quesenberry, 1996).
Mass selection is a very simple but effective procedure, especially for traits
with a high heritability. It is very suitable for breeding towards, for exam-
ple, disease resistance or cold tolerance. Large populations with sufficient
genetic variability are sown, either undesired plants are removed and seed
of the remaining plants is harvested in bulk, or superior plants are identified
and their seeds are harvested in bulk. Mass selection can be conducted as
a single cycle or by repeated cycles (Gupta, 2010; Jule´n, 1959; Taylor &
Quesenberry, 1996).
Recurrent phenotypic selection, or family selection, is very similar to mass
selection. The most important differences are that progenies are tested and
that seed of half-sib families (harvested on an open-pollinated plant) are
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maintained individually rather than bulked. Phenotypic selection is per-
formed on spaced plants, and seeds are harvested on plants that originate
from well performing families. The most desirable plants pollinate each
other before their progeny is tested. Family selection is conducted by re-
peated cycles. However, the number of cycles should remain low, usually no
more than three, to avoid inbreeding depression (Boller et al., 2010; Jule´n,
1959; Taylor & Quesenberry, 1996; Vleugels, 2013).
Classical polycross breeding involves the vegetative maintenance of parental
genotypes during progeny testing. The objective of this method is to iden-
tify clones with superior general combining ability that can be crossed to
create an improved cultivar. This method is suitable for improvement of
complex properties, such as yield and winter hardiness, since the progeny
is tested, as opposed to mass selection. However, a large disadvantage is
the time required and the costs involved for each cycle of selection (Boller
et al., 2010; Taylor, 2008; Taylor & Quesenberry, 1996).
Strain building is similar to the polycross method, except that parents are
maintained by seed rather than by clones. During testing, populations are
developed and maintained separately. After testing, the most superior pop-
ulations are combined (Taylor, 2008).
1.2.3 Contribution of DNA-marker research to
breeding of red clover
Although current red clover breeding programs are mainly based on the ap-
plication of classical breeding methodologies, molecular breeding approaches
based on the use of DNA-markers are also explored. The impact of DNA-
markers in red clover has been so far primarily on the construction of genetic
maps and QTL (quantitative trait locus) analysis to generate a better un-
derstanding of the genetic regulation of properties of agronomic relevance
(Ravagnani et al., 2012). The first red clover linkage map contained 157
RFLP (restriction fragment length polymorphism) markers (Isobe et al.,
2003). Subsequently, a high density map with 1399 markers consisting
mainly of SSR (simple sequence repeat) and RFLP markers was constructed
(Sato et al., 2006). More recently, existing linkage maps were combined to
generate an integrated map consisting of 1804 markers distributed over the
seven linkage groups (Isobe et al., 2009). QTL analyses for persistence have
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been performed (Herrmann et al., 2008; Klimenko et al., 2010). Herrmann
et al. (2008) used a weighted average of vigour scores assessed during three
growing seasons; Klimenko et al. (2010) used the resistance to Sclerotinia
trifoliorum and Fusarium species, as well as winter hardiness to identify
QTLs related to persistence.
DNA-markers have also been used to explore the genetic diversity in red
clover. Genetic diversity within and among 19 Swiss Mattenklee landraces,
Mattenklee cultivars and field clover cultivars was studied using AFLP (am-
plified fragment length polymorphism) markers (Ko¨lliker et al., 2003). The
genetic diversity and the distribution of variation in 20 breeding popula-
tions and cultivars from Chile, Argentina, Uruguay and Switzerland was
studied by RAPD (random amplified polymorphic DNA) markers (Ulloa
et al., 2003). More recently, the patterns of genetic diversity in 57 acces-
sions from the red clover core collection were studied using SSR markers
(Dias et al., 2008).
Paternity testing using a limited number of DNA-markers was recently ad-
vocated as a highly efficient and cost-effective way of increasing genetic gain
in outbreeding forage crops, by enabling the use of both maternal and pa-
ternal breeding values to select superior genotypes (Ravagnani et al., 2012;
Riday, 2011). The usefulness of this approach was demonstrated with 11
SSR markers in three red clover breeding populations (Riday, 2011). Ad-
ditionally, selecting both parents through paternity tests has been proven
successful in increasing red clover seed yield (personal communication Tim
Vleugels and Gerda Cnops, ILVO). The next step would be to use this knowl-
edge in practical red clover breeding to speed up the selection of genotypes
with desirable traits (Ravagnani et al., 2012).
1.3 Potential contribution of shoot
architecture to the improvement of red
clover
The shoot architecture of a plant is determined by its branching behaviour,
the internode length, the determinacy of the shoot, the organ size and the
topological organisation of the organs (Turnbull, 2005). These traits are to
some extent influenced by environmental factors such as light quantity and
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quality, temperature, humidity, nutrition and plant competition. Neverthe-
less, they are mainly determined by genetic factors (Wang & Li, 2008). In
this thesis, we focus on the branching behaviour of red clover plants.
To the best of our knowledge, red clover has not been purposely selected
for shoot branching. On the other side, a diversity of architectural types
is available in commercial varieties and in wild populations (Cnops et al.,
2010), suggesting that it is possible to select for particular architectural
characteristics. Dry matter yield, seed yield and persistence, three relevant
targets in red clover breeding as discussed above, are likely influenced by
the shoot architecture of the plant:
• A higher number of branches and/or a higher number of nodes per
branch can potentially result in higher dry matter yields. A higher
number of branches can result in more stems and more leaves, while
a higher number of nodes per branch can result in an increase in the
number of leaves. In alfalfa, for example, a positive relationship has
been shown between branch length, number of branches per plant
and branch weight in relation to biomass yield (Shen et al., 2013).
This indicates the usefulness of these traits in breeding towards higher
biomass yields in alfalfa, and possibly also in red clover.
• The number of branches of a red clover plant influences the number
of flower heads, and thus the seed yield per plant. This has been
shown in, for example, maize and rice for which the optimal num-
ber of branches was selected to obtain optimal grain yields (Buckler
et al., 2006; Yang & Hwa, 2008). Modern maize produces less axillary
branches than its progenitor teosinte (Doust, 2007). In the domesti-
cation phase, selection probably focused on making maize cultivable
and improving acces to the seed, while during the improvement phase,
selection most probably focused on yield and grain quality (Buckler
et al., 2006). In rice, on the other hand, plants with a moderate num-
ber of branches have been selected. This had a direct impact on the
number of panicles, which in turn is one of the most important deter-
minants of grain yield in rice (Yang & Hwa, 2008). Similarly, we can
expect that a fine-tuning of branching characteristics in red clover can
assist the selection of cultivars with higher seed yields.
• Finally, the regrowth of a plant after cutting or grazing is largely
determined by the energy reserves stored in roots and crowns, by the
nitrogen reserves found in vegetative tissues, and by the number of
10
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remaining growth points (Black et al., 2009; Bosworth & Stringer,
1985; Volenec et al., 1996). A higher capacity to resume growth after
cutting or grazing will influence the total yield of the plant, and in the
long run also has an impact on the persistence (Black et al., 2009).
Given the morphology of red clover plants, with a basal crown from
which branches are formed (see Chapter 3 for further details), we
anticipate that the number of nodes in the basal zone will have an
important contribution to their regrowth.
However, increasing the dry matter yield, seed yield and persistence of red
clover is not as simple as improving each of the related architectural charac-
teristics separately. The interactions between each of these characteristics
can be complicated and a positive impact on one aspect can have a nega-
tive impact on another. Detailed morphological, genetic and physiological
comparisons of red clover plants with contrasting architecture is essential to
understand the relevance and functioning of shoot branching in this species,
and to propose ways to exploit this knowledge in red clover breeding.
1.4 Genetic control of shoot branching in
plants
The basic processes involved in branching are highly conserved in the plant
kingdom, and have been thoroughly studied in different species. Axillary
meristems are formed in the leaf axils and develop later into branches. The
axillary meristems often initiate a few leaves before arresting their growth to
form a dormant axillary bud. This bud may later be activated and give rise
to a branch or may remain dormant. Thus, the final number of branches is
related to the number of axillary meristems, the duration of bud dormancy
and the outgrowth of axillary buds (Domagalska & Leyser, 2011; Wang &
Li, 2008).
Auxin is an essential regulator of the process of axillary meristem initi-
ation. Auxins are synthesized in young expanding leaves at the shoot apex
and are mainly transported along the shoot-root axis from cell to cell in a
polar manner, namely via the polar auxin transport stream (PATS), which
requires both influx and eﬄux carriers such as PIN-FORMED1 (PIN1)
(Crawford et al., 2010; Wang & Li, 2008). An auxin patterning model
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has been suggested in which the initiation of lateral organ primordia is in-
duced by a local auxin maximum in the peripheral zone of the shoot apical
meristem. The subsequent primordium is initiated at the site most distant
to the preexisting primordium because the established primordia act as a
sink to deplete auxin accumulation within surrounding cells (Wang & Li,
2008).
Maintenance of meristem initiation competence and the subsequent initi-
ation of axillary meristems are regulated by a set of transcription factors
including REVOLUTA (REV ), LATERAL SUPPRESSOR (LAS ), REGU-
LATOR OF AXILLARY MERISTEM1 (RAX1 ), CUP-SHAPED COTYLE-
DON CUC1-CUC3 and LATERAL ORGAN FUSION1 (LOF1 ) and LOF2
(Barton, 2010; Wang & Li, 2008). Recent studies have shown that RAX1
functions to specify the axillary stem cells by regulating CUC2 expres-
sion in a central axillary domain that anticipates the position of axillary
meristems. The CUC genes promote the expression of SHOOT MERIS-
TEMLESS (STM ), a central determinant of meristem identity (Wang &
Li, 2008). Also, REV appears to be a regulator of STM (Turnbull, 2005).
Sequence homology suggests that CUC1 and CUC2 mRNAs might be reg-
ulated by miR164. The miR164 -guided degradation of CUC1 and CUC2
mRNAs confines the expansion of the boundary domain of meristems (Wang
& Li, 2008). The LAS gene acts downstream of CUC. Finally, LOF1 and
LOF2 genes are required to promote axillary meristem initiation (Barton,
2010). It is hypothesized that LAS functions to protect the leaf axil from full
differentiation, maintaining its meristematic potential till axillary meristem
initiation (McSteen & Leyser, 2005; Schmitz & Theres, 2005).
Several lines of evidence suggest that axillary meristem initiation is inti-
mately related to vascular differentiation. REV is needed for the correct
patterning of the vascular system, and acts downstream of LAS in the initi-
ation of axillary meristems (Schmitz & Theres, 2005; Turnbull, 2005). Cur-
rently, it is not clear if the REV, PHABULOSA and PHAVOLUTA genes
control the initiation of lateral meristems directly or by their influence on
the development of vascular elements (Schmitz & Theres, 2005).
Bud dormancy and bud outgrowth are determined by the activity of the
buds. Bud inactivity can be the result of paradormancy, ecodormancy or
endodormancy (Domagalska & Leyser, 2011). Paradormancy is imposed by
endogenous signals, such as plant hormones, that are produced outside the
bud. Ecodormancy is caused by the effects of the environment on bud activ-
12
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ity. Endodormancy is a deeper state of bud inactivity that leads to internal
changes in bud status, which cannot be removed by simply eliminating the
factors that initiated those changes. Instead, additional signals, such as
prolonged exposure to low temperatures during winter, are necessary to
break dormancy and reactivate the bud (Domagalska & Leyser, 2011). The
plant hormone abscisic acid is required for the initiation and maintenance of
endodormancy. However, it does not play a role in the release of endodor-
mancy (Chao et al., 2007). In red clover, we will study the variations in
bud dormancy and bud outgrowth during the growing season, and not due
to seasonal transitions. Therefore we will only discuss the molecular pro-
cesses related to para- and ecodormancy. These types of dormancy cannot
be separated in red clover because of its complex shoot architecture. After
cutting, ecodormancy would initially be more important, while in time also
paradormancy will affect bud outgrowth.
Analysis of several monocot as well as dicot species has shown that bud
activity/bud outgrowth is regulated by complex hormonal feedback loops
involving auxins, cytokinins and strigolactones (Figure 1.3) (Domagalska &
Leyser, 2011; Dun et al., 2012; Wang & Li, 2008). Bud outgrowth is in-
directly inhibited by auxins, for which two hypotheses have been proposed
(Crawford et al., 2010). The canalization hypothesis states that the estab-
lishment of auxin transport out of the bud into the main stem is required
for bud outgrowth. According to this hypothesis, the auxins present in the
main stem suppress bud outgrowth by preventing auxin transport out of the
bud (Crawford et al., 2010; Prusinkiewicz et al., 2009). Alternatively, the
second messenger hypothesis states that another component can transfer
the auxin signal into the bud. Cytokinins and strigolactones have been pro-
posed to fulfil this role (Crawford et al., 2010; Hayward et al., 2009; Leyser,
2009; Li et al., 1995; Nordstro¨m et al., 2004; Tanaka et al., 2006).
Cytokinins promote bud outgrowth and their synthesis is downregulated by
auxins, by regulating the expression of the cytokinin biosynthesis genes of
the ISOPENTENYL TRANSFERASE family. Auxin can also regulate cy-
tokinin levels by upregulating the expression of CYTOKININ OXIDASE2,
which degrades active cytokinins. The regulation of cytokinins by aux-
ins is mediated by the AUXIN RESISTANT1 (AXR1 ) gene, part of the
auxin signalling pathway. In this pathway, TRANSPORT INHIBITOR RE-
SPONSE1 (TIR1 ) binds auxin and transduces the auxin signal to changes
in gene expression by targeting members of the INDOLE-3-ACETIC ACID
INDUCIBLE protein family for degradation (Domagalska & Leyser, 2011;
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Leyser, 2009). The response to cytokinins is mediated by the histidine kinase
cytokinin receptors such as CYTOKININ RESPONSE1 (CRE1) (Hwang &
Sakakibara, 2006).
Strigolactones are carotenoid-derived terpenoid lactones (Hayward et al.,
2009). The enzyme involved in the first step of the strigolactone biosyn-
thesis pathway is a β-carotene isomerase, encoded by the gene DWARF27
(D27 ) (Alder et al., 2012; Waters et al., 2012). The product of this first
reaction, a 9-cis-β-carotene, is subsequently cleaved by the carotenoid cleav-
age dioxygenases (CCD) MORE AXILLARY GROWTH3 and 4 (MAX3,
MAX4) (Waters et al., 2012). MAX1, a cytochrome P450 monooxygenase,
acts downstream on a mobile intermediate (Waters et al., 2012). MAX3
and MAX4 are upregulated by auxins in an AXR1-dependent manner, and
are downregulated via a feedback system originating from strigolactone sig-
nalling and response (Hayward et al., 2009). For the latter, important pro-
teins are D14, an α/β-fold hydrolase and MAX2, an F-box protein (Hayward
et al., 2009; Waters et al., 2012). D14 acts in signalling or in the hydrolysis
of strigolactones to an active compound and provides specificity to signalling
via MAX2, which is involved in Skp1-Cul1/Cdc53-F-box (SCF)-mediated
targeted protein degradation (Challis et al., 2013; Hayward et al., 2009).
In strigolactone biosynthetic mutants, high levels of the auxin transporter
PIN1, polar auxin transport and auxin concentration in the main stem has
been observed (Shinohara et al., 2013). It has also been shown that, in
the shoot, strigolactone perception and signalling by MAX2 results in a
repression of transcription of PIN1 (Bennett et al., 2006). The suggested
mode of action of strigolactone is to reduce the accumulation of PIN1 on
the plasma membrane which causes a reduction of the auxin transport ca-
pacity in the PATS, and blocks the export of auxins from the buds (Bennett
et al., 2006; Shinohara et al., 2013). Auxins also signal via SCF-mediated
targeted protein degradation via the F-box protein TIR1 which acts as an
auxin receptor (Hayward et al., 2009). AXR1 is necessary for proper SCF
function (Hayward et al., 2009).
Cytokinins and strigolactones can act directly into the bud by influencing
the transcription of the TEOSINTE BRANCHED1, CYCLOIDEA, PCF
(TCP)-family transcription factor BRANCHED1 (BRC1 ) in the bud
(Aguilar-Mart´ınez et al., 2007; Braun et al., 2012; Dun et al., 2012). In ad-
dition, cytokinins can stimulate bud outgrowth via a BRC1 -independent
pathway (Braun et al., 2012). Cytokinins and strigolactones can also act
by modulating auxin transport properties, both locally and systemically,
14
General introduction
thereby affecting the ability of buds to establish auxin transport canaliza-
tion into the main stem (Crawford et al., 2010; Prusinkiewicz et al., 2009;
Shinohara et al., 2013; Ward et al., 2013).
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Figure 1.3: Studied genes involved in meristem initiation, bud dormancy and bud
outgrowth. Figure adapted from Waters et al. (2012), with information from Alder et al.
(2012), Bennett et al. (2006), Braun et al. (2012) and Hayward et al. (2009).
The importance of axillary meristem initiation, bud dormancy and bud out-
growth can vary between different plant species, partly explaining the diver-
sity of architectural forms that is found in nature. For example, Arabidop-
sis thaliana has delayed axillary meristem initiation, causing some nodes to
lack axillary meristems (Grbic & Bleecker, 2000); in Pisum sativum, axil-
lary meristem initiation occurs at most nodes along its stem, but the buds
often remain dormant (Beveridge et al., 2003); in Lotus japonicus, axil-
lary buds in the cotyledonary region are initiated and develop immediately
into axillary branches, followed by the initiation of accessory meristems and
branches (Alvarez et al., 2006). Within species, inter-genotypic differences
in shoot branching can be explained by variations at the level of above men-
tioned genes. For example, in Mimulus guttatus (common monkey-flower),
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architectural differences between plants of two populations were shown to
be mainly due to differences in the frequency of bud outgrowth, and not
to differences with regards to axillary meristem initiation. Furthermore, it
was demonstrated that MAX gene expression strongly correlated with these
differences (Baker et al., 2012). In red clover, however, these processes are
not understood, and the putatively relevant genes have not been identified
yet.
1.5 Thesis outline and objectives
Although red clover has not been selected purposely for shoot branching
characteristics and their potential influence on regrowth in the past, we
anticipate that this could result in further progress for properties of agro-
nomic relevance such as biomass yield, seed yield and persistence. However,
current knowledge of the basic factors regulating branching in red clover is
very limited, impeding these breeding efforts. The main objective of this
thesis was therefore to determine the relevance of axillary meristem initi-
ation, bud dormancy and bud outgrowth to explain branching differences
in red clover, and to study the relationship between plant architecture and
regrowth in this crop. To this purpose, detailed morphological analyses
were combined with physiological and genetic approaches. For genetic and
physiological analyses, we focused mainly on the auxin and strigolactone
pathways. Six red clover genotypes, identified in an initial broad screen of
diverse germplasm, were thoroughly characterized and compared from dif-
ferent perspectives, rendering detailed information on the studied processes,
their interactions and potential consequences for practical applications. A
number of hypotheses were initially formulated. Each hypothesis was de-
composed in a number of research questions, which are investigated and
discussed in Chapters 2 to 6.
Hypothesis 1 (Chapter 2): The spatiotemporal dynamics of node forma-
tion and bud outgrowth determine to a great extent the shoot branching
characteristics of red clover plants
• Which methodology can be applied to differentiate and quantify the
effects of meristem initiation, node formation and bud outgrowth on
shoot architecture in crops with complex shoot architecture as red
clover?
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• What is the importance of meristem initiation, node formation and
bud outgrowth to explain branching differences in red clover?
• For which particular aspects of node formation and bud outgrowth
do red clover genotypes with contrasting architectural characteristics
differ?
• Are these results generalizable to perennial ryegrass, a grass forage
crop exploited in a similar way as red clover in agricultural systems,
but from a different plant family?
Hypothesis 2 (Chapter 3): Shoot branching characteristics have a strong
influence on the regrowth in red clover
• How strong is the influence of growing conditions on the architectural
characteristics of red clover plants?
• Which architectural characteristics do relate to regrowth? Is this con-
sistent in different environments and/or under different managements?
• Can we define an architectural prototype with an optimal regrowth
after cutting? Can we recommend architectural characteristics that
can be used in red clover breeding?
Hypothesis 3 (Chapter 4): The extensive body of knowledge on strigo-
lactone biosynthesis and signalling in Arabidopsis thaliana can be used to
understand branching in red clover
• Which effects do mutations in strigolactone biosynthesis and signalling
genes have on node formation and bud outgrowth, when quantified
according to the methodology proposed in this thesis for red clover?
• Given the knowledge generated in Arabidopsis thaliana, which is the
expected influence of strigolactone biosynthesis and signalling genes
on branching in red clover?
Hypothesis 4 (Chapter 5): Branching differences in red clover can be linked
to differences at the level of gene expression and DNA-sequence diversity
• Which are the orthologs of Arabidopsis thaliana branching genes in
red clover?
• Which role do these genes fulfil in bud outgrowth? Can temporal
changes in gene expression after induction of bud outgrowth be linked
to architectural differences?
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• Can the branching differences in red clover be linked to differences at
the level of gene expression?
• Can the branching differences in red clover be linked to DNA-sequence
polymorphisms in the exonic regions of these genes?
Hypothesis 5 (Chapter 6): Differences in auxin and/or strigolactone biosyn-
thesis and/or signalling explain branching differences in red clover
• What are the concentrations of auxin and strigolactones in tissues of
different red clover genotypes?
• Do nodes of genotypes with different architectural characteristics differ
in their response to auxin and/or strigolactone application?
• Are these differences related to the architectural characteristics?
18
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2.1 Introduction
The shoot architecture of a plant affects the light-harvesting potential, and
consequently also the biomass yield and the seed production (Nelson, 1994;
Ward & Leyser, 2004). In crop species, different architectural types are
desirable depending on their use. Cereals have been selected to produce
either a single stem (e.g. maize) or have a moderate number of tillers (e.g.
rice) (Donald, 1968; Yang & Hwa, 2008). In these and other agricultural
crops cultivated for their seeds, breeding and selection have achieved a fine-
tuned balance between vegetative and generative development. In contrast,
fodder crops such as red clover (Trifolium pratense) and perennial ryegrass
(Lolium perenne) are cultivated for their vegetative biomass. In agricultural
systems, they are grown either in monoculture or in multispecies stands that
are mown or grazed several times throughout the growing season. The stand
ideally shows extensive vegetative growth resulting in a high biomass yield,
a strong capacity to regrow after mowing or grazing, and a high level of
persistence (Briske, 1991; Fustec et al., 2005; Taylor & Quesenberry, 1996;
Verdenal et al., 2008). All these agronomic aspects are affected by the
branching/tillering capacity of the individual plants composing the stand,
and their interactions. Nevertheless, these two species have a relatively
short history of systematic breeding and have not been purposely selected
for architectural traits. On the other side, a diversity of architectural types
is available in commercial varieties and in wild populations for both species
(Cnops et al., 2010; Saracutu et al., 2010), suggesting that it is possible to
select for particular architectural characteristics. Knowledge of the basic
factors regulating branching/tillering in red clover and perennial ryegrass
is a necessary first step for the identification of new breeding targets for a
higher and/or more stable biomass yield, improved persistence and strong
regrowth. This requires a methodology to decompose the complex shoot
morphology of these species into its basic components.
The basic processes involved in branching/tillering are highly conserved in
the plant kingdom. The shoot apical meristem continually generates primor-
dia that produce phytomers, each comprising a leaf, an axillary meristem
and an internode. Axillary meristems eventually give rise to axillary buds;
these buds develop into full-grown buds that can, but do not always, go
through a period of bud dormancy (Figure 2.1). Finally, responsive buds
can grow out into branches. Analysis of several monocot as well as dicot
species has shown that branching is regulated by complex hormonal feed-
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back loops involving auxins, cytokinins and strigolactones (Domagalska &
Leyser, 2011; Wang & Li, 2008). Bud outgrowth is suppressed by auxins and
strigolactones, while cytokinins promote axillary bud outgrowth (Domagal-
ska & Leyser, 2011; Jamil et al., 2011; Ongaro & Leyser, 2008; Vanstraelen
& Benkova´, 2012). Inter- and intra-specific differences in plant architecture
result from variations in the relative formation and activity of meristems,
buds and branches throughout development, which is mediated by intricate
interactions among the different processes described above. The shoot ar-
chitecture of red clover and perennial ryegrass is complex. However, the
basic underlying factors are common to those in other species. This im-
plies that the use of a generalized approach for the detailed description
and quantification of the role of particular factors to the determination of
plant architecture in red clover and perennial ryegrass will allow to fully ex-
ploit knowledge available for other crops and model species as Arabidopsis
thaliana or Pisum sativum, and will allow making inferences about targets
for selection and improvement of agronomic properties (Varshney et al.,
2009).
The objective of the experiments presented here was to analyse the relative
contribution of spatial and temporal aspects of node formation and bud
outgrowth to explain main architectural differences found between geno-
types of red clover and perennial ryegrass. The analysis was based on the
comparison of genotypes with strongly contrasting branching phenotypes.
To generate detailed developmental data, we developed an easily applicable
method that allows the quantitative analysis of the spatiotemporal patterns
of node formation and bud outgrowth, and that can be used to describe
shoot branching in these species. Plant architecture has been described
for several species of legumes and grasses (e.g. Moreau et al., 2006; Wang
& Li, 2005). However, this is the first time that such a detailed descrip-
tion of plant architecture is provided for red clover and perennial ryegrass,
including the comparison of different genotypes.
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Figure 2.1: The trajectory from axillary meristem to branch. Primordia at the shoot
apical meristem give rise to phytomers, each comprising a leaf, an axillary meristem and
an internode. Axillary meristems develop into axillary buds that either stay dormant
or grow out. In our observations, no distinction was made between the different phases
(orange) leading to a fully developed (dormant) bud. This is a continuous process and
we designated it by the term node formation (green). The process in which branches are
formed is indicated by the term bud outgrowth. The five main characteristics used in
this study are depicted. The number of nodes and the number of branches (red clover)
or tillers (perennial ryegrass) were counted at each time point (tn, tn+1, tn+2). From
these numbers, the outgrowth percentage per node was calculated. The phyllochron is
depicted for the leaf at node 3. The lag time to bud outgrowth is depicted for the bud
at node 2, with the blue arrow representing a developing branch.
2.2 Materials and methods
2.2.1 Plant materials and growth conditions
Red clover and perennial ryegrass genotypes were chosen for analysis af-
ter an initial study of the architectural characteristics of a larger collec-
tion of plants, including cultivars, wild populations and landraces (Cnops
et al., 2010; Saracutu et al., 2010). As these two species are highly self-
incompatible, the production of inbred lines is extremely difficult. There-
fore, we used ramets of one genotype per population (cultivar, wild popu-
lation or landrace) to generate genetically identical plants. The red clover
genotypes were propagated using stem cuttings; the perennial ryegrass geno-
types by single-tiller ramets.
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Two genotypes of red clover were chosen for analysis: Crossway (Grassland
company, New Zealand) and Diplomat (NPZ, Germany). Rooted ramets
were transplanted to 10 L pots containing potting soil. Six and 12 ramets per
genotype were arranged randomly in a growth chamber (19 ◦C, 16 h light,
80µmol/m2.s, cool white) and under ambient outdoor conditions (’open
air’), respectively. The plants were watered once to twice per week and no
fertilizers were applied. Each plant was scored twice weekly during the first
two months, and once weekly during the rest of the 3-month experiment.
Measurements were non-destructive. The time of flowering was determined
when three heads per plant were flowering (International Union for the
Protection of New Varieties of Plants-UPOV, 2001).
Six genotypes of perennial ryegrass were chosen: Merks (RvP, Belgium),
5295 and 5311 (breeding programme of the Institute for Agricultural and
Fisheries Research (ILVO), Belgium) are forage types; Barlady (Barenburg,
The Netherlands) is a turf type; 10370 44 and 10370 53 are genotypes from
one population belonging to a survey of existing natural variation in France
(Balfourier & Charmet, 1991). Although genotypes 10370 44 and 10370 53
were selected within natural populations, and have not been bred for either
forage or turf uses, they display the typical architectural characteristics of
forage types (Saracutu et al., 2010). We therefore consider these two geno-
types to be forage types. All genotypes were transferred from the field in
which they had been selected (Saracutu et al., 2010) to 10 L pots contain-
ing potting soil in a greenhouse (16 ◦C) for further propagation and rooting.
The first experiment (Merks and Barlady) was conducted in a warm green-
house (20 ◦C) with day light extension to a 16 h photoperiod. A total of 30
ramets per genotype were arranged randomly in the greenhouse. At three
discrete moments (after 3, 4 and 5 months), ten ramets per genotype were
chosen randomly for dissection and analysis. The second experiment (in-
cluding genotypes 5295, 5311, 10370 44 and 10370 53) was conducted in a
growth chamber (19 ◦C, 16 h light, 80µmol/m2.s, cool white). The appear-
ance of leaves and tillers was recorded at regular intervals for 15 ramets of
each genotype. These measurements were non-destructive.
2.2.2 Data recording
Differences in the number of branches can be caused by differences at vari-
ous steps in the development of a branch, from the initiation of meristems
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and buds, to the fact that buds enter dormancy or continue their develop-
ment into a branch (or flower) (Figure 2.1). Processes such as primordium
initiation at the shoot apical meristem, the speed of primordium initiation
(plastochron), axillary meristem development, bud initiation, bud develop-
ment and bud dormancy were not investigated here. The number of leaves
was used as a surrogate for the number of buds. Although multiple buds
per leaf axil sometimes occur in red clover, only one of them grew out dur-
ing the time course of our experiments in the genotypes investigated. We
thus considered that there was one bud at each leaf axil. We followed node
formation (comprising bud initiation, bud development and bud dormancy)
and bud outgrowth (Figure 2.1) over time and at different positions to de-
scribe branching patterns. The method was as described by Moreau et al.
(2006), but using a different system to number the nodes. Each leaf was as-
signed a unique identifier that contained positional information. Contrary
to developmental studies where the youngest leaf is usually numbered as
1, we numbered the leaves from oldest (first appearing) to youngest (last
appearing) (Figure 2.2C). Bud outgrowth was recorded as the time that the
first leaf protrudes from the subtending leaf stipule/sheath.
For each individual plant, we counted how many leaves (number of nodes)
and branches (number of branches) were formed at discrete positions over
time. From these observations, a number of additional characteristics were
derived. First, the phyllochron, the time period between the initiation of
two consecutive leaves on the same axis, was used as a surrogate for the pace
of node formation (Figure 2.1). The phyllochron has been used extensively
to study the development of grasses (Wilhelm & McMaster, 1995) and is
also described for clover (Gautier et al., 1998; Thomas et al., 2003). Second,
we determined how long after the formation of a node, bud outgrowth took
place (lag time to bud outgrowth). In perennial ryegrass, the lag time to
bud outgrowth was defined as the time between a leaf started to grow out
of the pseudostem and the outgrowth of its axillary bud into a tiller. In
red clover, this characteristic was defined as the time between a fully ex-
panded leaf (Maˆıtre et al., 1985) and the outgrowth of its axillary bud into
a branch (Figure 2.1). Finally, the number of branches/tillers was divided
by the number of nodes at a given time, position, or any level of positional
hierarchy, and is expressed as a ratio to denote the outgrowth percentage
per node (Figure 2.1); in red clover, the duration of phytomer production
was estimated as the thermal time elapsed between the appearance of a
branch and the formation of a terminal flower head for first-order branches.
24
Processes underlying branching differences in fodder crops
2.2.3 Data analysis
Means and standard errors were calculated per genotype for the character-
istics described above. In red clover, the significance of genotype differences
was estimated using independent samples t-tests (or Mann-Whitney U tests
for non-parametric data). In perennial ryegrass, we used ANOVA tests in
combination with Tukey HSD or Games-Howell for post-hoc comparisons.
To compare data from different experiments, the time was expressed as
thermal time (◦C.days) since the start of the experiment (rooted ramets).
The thermal time (Moreau et al., 2006) was calculated as the sum of the
mean daily effective temperatures, i.e. the mean temperature minus the
base temperature (set to 0 ◦C) (Black et al., 2009, 2006; Moot et al., 2000).
2.3 Results and discussion
2.3.1 Differences in branching patterns in red clover
are determined by both node formation and bud
outgrowth
In red clover, the main axis does not elongate and remains vegetative dur-
ing the first growing season in most genotypes, which was observed both
in seedlings and in ramets (own observations). New phytomers are formed
from outgrowing buds in the leaf axils on the main axis (Figure 2.2A).
The outgrowing buds elongate, acropetally, into first-order branches. From
their buds, second- and higher-order branches are produced (Figure 2.2C)
(Cnops et al., 2010; Maˆıtre et al., 1985). Outgrowing branches can initiate
vegetative meristems (VM), inflorescence meristems (IM), and floral meris-
tems (FM) (Figure 2.2A). VM, IM and FM co-exist in red clover depending
on the developmental state of a particular phytomer (Maˆıtre et al., 1985).
The inflorescence is a terminal flower head consisting of approximately 300
flowers produced by the FMs (Figure 2.2A) (Taylor & Quesenberry, 1996).
The architecture of two contrasting genotypes of red clover, the poorly
branched, erect Diplomat (Figure 2.2D) and the highly branched, pros-
trate Crossway (Figure 2.2E), was studied here. These genotypes represent
phenotypic extremes of the branching variation present in the gene pool of
red clover (Cnops et al., 2010). Diplomat could be considered an example
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Figure 2.2: Plant architecture in (A) Trifolium pratense and (B) Lolium perenne. VM
- vegetative meristem, IM - inflorescence meristem, FM - floral meristem. (C) Generic
model for branching. All nodes have unique identifiers designating each to its position
in the different branching orders. (D) Red clover Diplomat is poorly branched and erect,
(E) Red clover Crossway is highly branched and prostrate, (F) Perennial ryegrass Merks
is a poorly tillering forage type, and (G) Perennial ryegrass Barlady is a high tillering
turf type.
of a phenotype adapted to mowing (erect growth habit), while Crossway is
an example of a phenotype adapted to grazing (prostrate growth habit).
Differences in the total number of nodes and the total number of branches
appeared early after propagation. In the growth chamber at approximately
4 weeks before the time of flowering (198 ◦C.days), Crossway plants had
already produced three times more nodes, which in turn led to six times
more branches, than plants of Diplomat (Figure 2.3, Table 2.1). This was
reflected in a higher total outgrowth percentage per node for Crossway than
for Diplomat throughout the growing period, except in the growth cham-
ber at full flowering. Similar results were obtained in open air, where the
between-genotype differences were even more pronounced. For example at
the time of flowering (747 ◦C.days), Crossway had 17 times more nodes and
32 times more branches than Diplomat (Table 2.1). Therefore, differences
in the number of nodes formed and in the outgrowth percentage per node
seem to explain the branching differences between the two genotypes.
To further analyse the contribution of node formation to the differences in
red clover architecture, we followed the growth of the two first-appearing
first-order branches (Figure 2.4) till 4 weeks after a terminal flower head
had been formed, and determined the number of nodes and the number of
second-order branches, the phyllochron and the duration of phytomer pro-
duction (Table 2.2). The phyllochron was similar in both genotypes (ap-
proximately 90 ◦C.days.leaf−1) for leaves on first-order branches and was
slightly shorter than the phyllochron for leaves on the main axis (Tables 2.2
and 2.3). The time of flowering of these first-order branches (the duration
of phytomer production) was on average 659 ◦C.days and 618 ◦C.days for
Crossway and Diplomat, respectively. Crossway produced on average three
nodes more per first-order branch, and on average six more second-order
branches had been formed per branch compared to Diplomat (Figure 2.4,
Table 2.2). These data suggest that Crossway and Diplomat form consecu-
tive nodes at a similar pace (no significant differences for phyllochron), but
that the duration of phytomer production before terminating into a flower
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head is longer in Crossway. Thus, a longer duration of phytomer production
per branch leads partly to more nodes and more branches.
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Figure 2.3: Node formation and bud outgrowth in two red clover genotypes over time.
The number of nodes, branches and outgrowth percentage per node for the different
branching orders and the whole plant (only for outgrowth percentage per node) are
given for (A, C, E) Crossway and (B, D, F) Diplomat grown in the growth chamber.
Figures are mean ± SE for six ramets per genotype. All data (except for the outgrowth
percentages per node of the whole plant at the last two time points) were significantly
higher in Crossway than in Diplomat (P < 0.05, t-test or Mann-Whitney U test). For
the definition of the branching orders, see Figure 2.2C.
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Table 2.1: Node formation and bud outgrowth in two genotypes of red clover. Total
number of nodes, branches and outgrowth percentage per node of Crossway and Diplomat
plants grown in containers in two different environments. Figures are mean ± SE (n = 6
ramets per genotype for plants grown in the growth chamber, n = 12 ramets per genotype
for plants grown in the open air). The letters indicate the significance groups (P < 0.05, t-
test or Mann-Whitney U test). The factor indicates the ratio between the two genotypes
within one environment (Crossway has x times more/higher nodes/branches/outgrowth
percentage per node compared to Diplomat). The thermal times corresponding to vege-
tative phase (V) (4 weeks before the time of flowering), at the time of flowering (Ft) and
at full flowering (FF) (4 weeks after the time of flowering for growth chamber plants and
2 weeks for plants grown in open air) were 198 ◦C.days, 751 ◦C.days and 1264 ◦C.days for
the plants grown in the growth chamber; and 218 ◦C.days, 747 ◦C.days and 1064 ◦C.days
for the plants grown in the open air.
Growth chamber Open air
Crossway Diplomat Factor Crossway Diplomat Factor
Total number of nodes
V 32.7 ± 1.2|b 11.0 ± 1.7|a 3.0 76.6 ± 3.1|y 13.7 ± 1.5|x 5.6
Ft 256.8 ± 16.1|b 57.8 ± 7.2|a 4.4 867.0 ± 47.2|y 50.9 ± 5.0|x 17.0
FF 833.0 ± 29.9|b 145.5 ± 10.0|a 5.7 1100.1 ± 46.3|y 88.1 ± 9.2|x 12.5
Total number of branches
V 7.3 ± 0.3|b 1.3 ± 0.5|a 5.6 23.1 ± 1.1|y 2.4 ± 0.4|x 9.6
Ft 72.5 ± 5.6|b 10.8 ± 1.3|a 6.7 245.1 ± 23.5|y 7.6 ± 1.1|x 32.3
FF 166.7 ± 6.6|b 28.0 ± 3.2|a 6.0 259.3 ± 23.1|y 15.4 ± 2.7|x 16.8
Total outgrowth percentage per node (%)
V 22.5 ± 0.8|b 9.9 ± 3.5|a 2.3 30.1 ± 0.4|y 16.0 ± 2.3|x 1.9
Ft 28.1 ± 0.5|b 18.8 ± 0.4|a 1.5 27.9 ± 1.9|y 14.4 ± 0.9|x 1.9
FF 20.0 ± 0.1|a 19.0 ± 1.0|a 1.1 23.4 ± 1.7|y 16.6 ± 1.4|x 1.4
In a next step, we analysed bud outgrowth in detail. As Crossway had
on average three leaves more at the start of the observation period than
Diplomat, we determined the number of first-order branches at time points
when both genotypes had produced similar numbers of nodes on the main
axis (1017 ◦C.days for Crossway and 1264 ◦C.days for Diplomat) (Table 2.2).
At these time points, Crossway had on average three first-order branches
more than Diplomat. This pattern was also observed for the two first-
appearing first-order branches, as already discussed above, suggesting that
inter-genotype differences are not only due to differences in the number of
nodes formed but also to differences in the percentage of nodes that grow
out.
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Figure 2.4: Branching pattern in two red clover genotypes. The average outgrowth
percentage per node of six ramets of Crossway and Diplomat plants at full flowering is
given according to node position by coloured dots. A black dot (smallest) represents a
non-outgrowing bud. The calculated values were grouped into seven classes. Buds and
flower heads are drawn if they developed in at least one ramet. Note that for this graphical
representation the main axis is elongated and internode lengths are not according to scale.
The first two appearing first-order branches are indicated with an asterisk.
Table 2.2: Node formation and bud outgrowth in red clover for the main axis and the
two first-appearing first-order branches. The data are given at time points 1017 ◦C.days
and 1264 ◦C.days, i.e. respectively 2 and 4 weeks after the time of flowering. The
phyllochron and the lag time to bud outgrowth comprised the total duration of the
experiment. Figures are mean ± SE (n = 6 ramets per genotype grown in the growth
chamber). The letters indicate the significance groups (P < 0.05, t-test or Mann-Whitney
U test).
Crossway Diplomat
1017 ◦C.days 1264 ◦C.days 1017 ◦C.days 1264 ◦C.days
Main axis
Number of nodes 20.0 ± 0.7|a 21.8 ± 0.5|a 16.8 ± 0.8|b 19.0 ± 0.7|a
Number of branches 15.2 ± 0.5|a 17.7 ± 0.5|a 10.5 ± 0.6|b 11.8 ± 0.8|b
First-order branches
Number of nodes 11.6 ± 0.1|a 11.6 ± 0.1|a 8.3 ± 0.5|b 8.3 ± 0.5|b
Number of branches 8.3 ± 0.2|a 8.5 ± 0.3|a 2.4 ± 0.4|b 2.4 ± 0.4|b
Phyllochron
(◦C.days.leaf−1) 88.2 ± 8.4|a 94.3 ± 16.2|a
Lag time to bud
outgrowth (◦C.days) 230.1 ± 10.4|a 246.4 ± 20.0|a
The outgrowth percentage per node on the whole plant reached a maximum
early in development and was significantly higher for Crossway (28 % versus
18 % at 561 ◦C.days) till 2 weeks after the time of flowering (884 ◦C.days)
(Figure 2.3, Table 2.3). Nevertheless, comparable outgrowth percentages
per node were attained by both genotypes at the end of the experiment. As
a consequence, Crossway had formed large numbers of buds that had not
yet grown out into a branch by the end of the experiment, and that could
potentially resume growth after cutting, contributing to a higher regrowth
(not investigated here). The outgrowth percentage per node was also sig-
nificantly higher in Crossway for nodes on the different branching orders,
and decreased in both genotypes with increasing branching order (Figure
2.3). Similar trends were found for plants grown in open air (Table 2.1).
The lag time to bud outgrowth, calculated taking into consideration only
the buds which had grown out, was strikingly similar for both genotypes,
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and for different branching orders (on average 260 ◦C.days) (Tables 2.2 and
2.3).
To summarise, differences in the number of branches between the two red
clover genotypes were caused by differences at the level of node formation
and bud outgrowth. Inter-genotypic differences in number of nodes, number
of branches and outgrowth percentage per node were detected at all times in
development except at full flowering. Furthermore, Crossway formed more
nodes per branch before a terminal flower head appeared, and in general
a higher percentage of these nodes grew out than in Diplomat. However,
phyllochron and lag time to bud outgrowth were similar in both genotypes.
Finally, these characteristics are all related with each other. For example,
a higher outgrowth percentage per node can result in a higher number of
nodes later in development.
Table 2.3: Architectural characteristics in red clover and perennial ryegrass. Given for
each characteristic: the phenotypic mean ± SE and the significance groups (P < 0.05,
t-test, Mann-Whitney U test, Tukey HSD or Games-Howell). Total number of nodes,
total number of branches/tillers and outgrowth percentage per node were determined
as follows: for red clover: n = 6 ramets/genotype grown in the growth chamber, at
884 ◦C.days; for the first perennial ryegrass experiment (Merks and Barlady) n = 10
ramets/genotype, at 5 months; for the second perennial ryegrass experiment n = 15
ramets/genotype, at 2261 ◦C.days. The phyllochron and the lag time to bud outgrowth
were determined for nodes on the main axis, and comprised the total duration of the
experiment. ND - characteristics not determined.
Total number
of nodes
Total number
of branches/
tillers
Outgrowth
percentage
per node (%)
Phyllochron
(◦C.days.leaf−1)
Lag time to
bud outgrowth
(◦C.days)
Crossway 429.8 ± 20.9|a 117.3 ± 6.8|a 27.3 ± 0.5|a 104.2 ± 8.1|a 260.3 ± 16.0|a
Diplomat 83.3 ± 8.9|b 16.7 ± 2.2|b 19.8 ± 0.9|b 102.6 ± 8.1|a 298.8 ± 19.8|a
Merks 197.1 ± 15.1|a 42.9 ± 2.8|a 22.1 ± 0.7|a ND ND
Barlady 320.2 ± 22.6|b 60.3 ± 4.6|b 18.9 ± 0.7|b ND ND
10370 44 87.1 ± 10.3|a 12.1 ± 1.4|a 11.0 ± 0.9|a 172.9 ± 5.1|a 395.2 ± 26.6|ab
10370 53 128.6 ± 12.8|ab 17.7 ± 1.4|b 14.5 ± 0.9|b 180.5 ± 5.5|a 471.2 ± 24.7|b
5295 91.5 ± 5.3|a 14.8 ± 1.2|ab 16.1 ± 1.0|b 191.9 ± 7.0|a 410.4 ± 32.3|ab
5311 132.1 ± 6.9|b 14.9 ± 0.8|b 11.6 ± 0.3|a 174.8 ± 6.3|a 317.3 ± 20.9|a
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2.3.2 Differences in branching patterns in perennial
ryegrass depend on both node formation and bud
outgrowth
The development and growth of perennial ryegrass is characterised by the
repeated formation and expansion of phytomers (Figure 2.2B) (Gray, 1879).
Vegetative growth involves the addition of successive phytomer units to the
culm (stem). These phytomers are formed from outgrowing buds within the
sheath of previous leaves on the main axis (Figure 2.2B). The outgrowing
buds elongate, acropetally, into new tillers. From their buds, second- and
higher-order tillers are produced. During vegetative growth, the internodes
of the primary culm do not elongate, so that the tillers emerge at ground
level and are similar to the primary culm in shape and height (Fustec et al.,
2005; Saracutu et al., 2010; Verdenal et al., 2008). Flowering of perennial
ryegrass is initiated in response to vernalisation and long days (Heide, 1994).
After floral transition, IMs are formed and inflorescences (spikes) grow out.
These inflorescences contain spikelet meristems, which finally produce FMs
(Bennett & Leyser, 2006; McSteen & Leyser, 2005).
Breeding in perennial ryegrass for its two main uses as either forage or
turf has resulted in different ideotypes. Selection of forage types has been
driven by biomass yield and has resulted in optimising the leaf area, often
at the expense of the number of tillers (Nelson, 2000). In contrast, breeding
perennial ryegrass for turf uses has resulted in high-tillering, low-yielding
types with smaller leaves. Merks, a typical forage type, and Barlady, a turf
type (Figure 2.2F,G), represent opposite ends of the spectrum of branch-
ing in perennial ryegrass (Saracutu et al., 2010). When ramets of the two
genotypes were analysed for the total number of nodes and tillers at three
consecutive time points, Barlady had a higher number of nodes and tillers,
as is expected for a turf type (Table 2.4). For example, after 5 months,
Barlady had 1.6 times more nodes, but only 1.4 times more tillers than
Merks, resulting in a significantly lower outgrowth percentage per node in
Barlady (Table 2.3). On the contrary, after 3 months (Table 2.4), Barlady
had 1.8 times more nodes, and 7.7 times more tillers than Merks, which can
result in an increase in the level of shading by the large number of tillers
causing a reduced bud outgrowth at later stages. Therefore, the capacity
to form nodes is a primary factor determining the differences between these
contrasting types of perennial ryegrass.
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The architecture of the two genotypes was further analysed for differences
with respect to the positional aspects of the tillering pattern (Figure 2.5).
Tillering occurs first on the main axis, but is most pronounced on first-order
tillers. Tillering proceeds, in a regular acropetal manner, from the lower-
most positions (position 1 for the main axis, and positions 1, 2 or 3 for
the first-order tillers) to the higher positions. Barlady had on average four
nodes more on the main axis (18 versus 14), and had produced three extra
first-order tillers (Figure 2.5), which is another indication that the higher
number of nodes, i.e. node formation, contributed to the high tillering
phenotype.
Table 2.4: Node formation and bud outgrowth in contrasting genotypes of perennial
ryegrass. Total number of nodes, tillers and outgrowth percentage per node are given as
mean ± SE (n = 10 ramets per time point and per genotype). The letters indicate the
significance groups (P < 0.05, Tukey HSD or Games-Howell). The factor indicates the
ratio between the two genotypes (e.g. after 3 months, Barlady has 1.8 times more nodes
than Merks).
Merks Barlady Factor
Total number of nodes
3 months 10.5 ± 1.4|a 19.3 ± 1.9|b 1.8
4 months 105.1 ± 9.2|a 188.1 ± 14.6|b 1.8
5 months 197.1 ± 15.1|a 320.2 ± 22.6|b 1.6
Total number of tillers
3 months 0.6 ± 0.2|a 4.6 ± 0.6|b 7.7
4 months 25.3 ± 2.3|a 42.4 ± 2.6|b 1.7
5 months 42.9 ± 2.8|a 60.3 ± 4.6|b 1.4
Total outgrowth percentage per node (%)
3 months 5.2 ± 2.1|a 23.9 ± 1.8|b 4.6
4 months 24.0 ± 0.5|a 23.1 ± 0.9|a 1.0
5 months 22.1 ± 0.7|a 18.9 ± 0.7|b 0.9
To analyse further the importance of node formation, we focused on the
comparison of four forage types. As expected, within this group tillering
was more homogeneous than between the forage and turf types (Figure 2.6).
Nevertheless, genotypes seemed to adopt different strategies to achieve the
final number of tillers (Figure 2.6). Genotypes 5311 and 10370 53 formed
1.5 times more nodes than 5295 and 10370 44. Although 10370 53 finally
generated the highest number of tillers, its outgrowth percentage per node
over the whole plant was not the highest. Genotype 5311 was fastest to
initiate tillers in early stages, but then levelled off. Although the number of
nodes, number of tillers and outgrowth percentage per node had a significant
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genotype effect, pair-wise comparisons of genotypes were only occasionally
significant in post-hoc tests (Table 2.3).
Barlady
Main axis
Merks
First-order 
tiller
Non-outgrown 
bud
Third-order
tiller
Second-order 
tiller
Outgrowth percentage per node: 0% 100%80%70%50%40%20%
Figure 2.5: Branching pattern in two perennial ryegrass genotypes. The average out-
growth percentage per node of ten ramets of Barlady and Merks after 5 months is given
according to node position by coloured dots. A black dot (smallest) represents a non-
outgrowing bud. The calculated values were grouped into seven classes. Buds are drawn
if they developed in at least one ramet. Note that for this graphical representation the
main axis is elongated and internode lengths are not according to scale.
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Figure 2.6: Node formation and bud outgrowth in four forage genotypes of perennial
ryegrass. The number of nodes, tillers and outgrowth percentage per node are given for
the whole plant and the different branching orders of perennial ryegrass genotypes (A, E,
I) 10370 44, (B, F, J) 10370 53, (C, G, K) 5295 and (D, H, L) 5311 grown in the growth
chamber. Figures are mean ± SE for 15 ramets per genotype. For the definition of the
branching orders, see Figure 2.2C.
The phyllochron (approximately 180 ◦C.days.leaf−1) varied according to
when and where leaves were generated, but did not statistically differ be-
tween genotypes (Table 2.3). As shown for phytomers that formed in all
genotypes on the main axis (phytomers 6-12), the phyllochron varied from
94 to 260 ◦C.days.leaf−1 depending on the genotype and on the position on
the main axis (Figure 2.7A). In each new tiller, this phyllochron pattern was
repeated: the first three leaves appear quickly while later leaves are initiated
at a slower pace (data not shown). Fustec et al. (2005) made similar obser-
vations in Lolium. Based on the early development of plants only, they esti-
mated the phyllochron in Lolium at 94.3 ◦C.days.leaf−1, which corresponds
with our data for the first leaves. While the developmental regulation of
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phyllochron is clearly pronounced in perennial ryegrass, no significant dif-
ferences in phyllochron were observed among the forage types of perennial
ryegrass (Table 2.3), indicating that the genes controlling the phyllochron
(Kawakatsu et al., 2009; Veit et al., 1998; Wang & Li, 2008) are less likely
causing the differences in branching between the genotypes under study.
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Figure 2.7: Phyllochron and lag time to bud outgrowth in four forage genotypes of
perennial ryegrass. (A) Phyllochron and (B) lag time to bud outgrowth on the main
axis, (C) lag time to bud outgrowth on the main axis in function of the time of formation
of the respective node, and (D) in function of the position of the node on the main axis for
four perennial ryegrass genotypes (10370 44, 10370 53, 5295 and 5311). Figures in (A)
and (B) are mean ± SE for 15 ramets per genotype, while in (C) and (D), all available
data from all genotypes were analysed (n = 418).
A yet clearer trend was observed for the lag time to bud outgrowth. The
nodes formed early in development and at the basal positions of a branch
had a shorter lag time to bud outgrowth, again irrespective of the genotype,
unlike red clover where each node along a branch had a similar lag time to
bud outgrowth. This trend was most pronounced for tillers originating
from main-axis nodes (Figure 2.7C,D), but was similarly observed for all
higher-order tillers. Similar patterns were described by Verdenal (2009).
When considering node positions where in all genotypes more than 75 %
of the ramets developed a branch, the lag time to bud outgrowth varied
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significantly among genotypes from 317 to 471 ◦C.days (Table 2.3). While
the lag time to bud outgrowth on node 4 was almost identical (190 ◦C.days),
differences were clear for node 5 and higher (Figure 2.7B). 5311 shows a
high outgrowth percentage per node, and also exhibits short lag times to
bud outgrowth at these positions (Figure 2.7B).
Summarising, differences in tillering between forage and turf types of peren-
nial ryegrass arise mainly from differences in the capacity for node forma-
tion. Among forage types of perennial ryegrass, differences in tillering are
relatively smaller and result from differences in their capacity to form nodes
and in bud outgrowth. In this case, we observed differences for number of
nodes, number of tillers, outgrowth percentage per node and lag time to bud
outgrowth. It should however be mentioned that all these characteristics
are not independent of each other, as a shorter lag time to bud outgrowth
results in a higher outgrowth percentage per node at a given time point,
what in turns affects the number of nodes at a later time point. Therefore,
we hypothesise that among forage types besides node formation, also bud
outgrowth partly explains differences between genotypes.
2.4 Conclusion
From the results presented here, we conclude that in both red clover and
perennial ryegrass, node formation and bud outgrowth are important in ex-
plaining inter-genotype differences for branching. In addition, we present
here an easily applicable method for the spatiotemporal description and
quantification of branching patterns in crops with very different morpholo-
gies. This method applies equally well to monocots and dicots, and allows
the separate analysis of different factors contributing to branching differ-
ences, even in species such as red clover and perennial ryegrass. This de-
tailed analysis makes a comparison with results obtained in model species,
in most cases generated using inbred lines and/or mutant lines, possible.
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Chapter 3
3.1 Introduction
Biomass yield and persistence, defined as ’the ability to produce constantly
high forage yields across several growing periods’ (Herrmann et al., 2006),
are two of the most important targets in red clover breeding (Black et al.,
2009; Boller et al., 2010; Ravagnani et al., 2012). In crops that are har-
vested multiple times during one growing season such as red clover, both
aspects - yield and persistence - are related to regrowth. First, a good
capacity to regrow after cutting is an essential contributor to the biomass
yield and its stability throughout the season. Furthermore, although most
efforts to improve persistence in red clover have focused on selecting for resis-
tance to pathogens (O¨hberg, 2008; Marum et al., 1994; Vaverka et al., 2003;
Vleugels et al., 2013a), the creation of rhizomatous genotypes (Isobe et al.,
2002; Phillips et al., 1982), or the determination of appropriate management
strategies (Wiersma et al., 1998), it is also known that poor regrowth can
result in low persistence (Volenec, 1998).
To the best of our knowledge, no detailed study is available on the architec-
tural characteristics of individual red clover plants and how these aspects
relate to biomass yield and regrowth. However, the link between architec-
tural characteristics and biomass yield has been investigated in several other
species such as cowpea (Vigna unguiculata) and wheat (Triticum aestivum)
(Nelson, 1994; Peng et al., 1999). In alfalfa (Medicago sativa), a positive
relationship has been shown between branch length, number of branches
per plant and branch weight in relation to biomass yield (Shen et al., 2013).
The regrowth of a plant is largely determined by the energy reserves stored
in roots and crowns, by the available nitrogen reserves in vegetative tissues,
and by the remaining number of growth points after cutting. These are in
turn influenced by the plant architecture (Black et al., 2009; Bosworth &
Stringer, 1985; Volenec et al., 1996).
The shoot architecture of a plant is defined, among others, by its branching
behaviour, the internode length and the determinacy of the shoot (Turnbull,
2005). For agricultural applications, the number of branches, the internode
length and the growth habit are important because they affect the number
of growth points that remain after mowing or grazing. In general, erect
plants are best suited for mowing, while prostrate plants are best suited for
grazing (Ford & Barrett, 2011; Hyslop et al., 1999). The time of flowering
determines how long a plant can grow and store reserves before entering the
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generative phase. Furthermore, the elongation of the main axis before the
first time of flowering is an important architectural aspect that can affect
the regrowth in red clover, because it influences the number of nodes on the
main axis that are available for regrowth after cutting. In most red clover
cultivars, the main axis does not elongate before flowering, but this does
occur in some genotypes under the influence of particular environmental
conditions (Taylor & Quesenberry, 1996). The link between these architec-
tural characteristics and regrowth in red clover is largely unknown. This
knowledge could, however, be exploited for the identification of selection
criteria to obtain high yielding cultivars with a high level of persistence.
This chapter contains a detailed investigation of the relationship between ar-
chitectural characteristics and regrowth in red clover. The analysis is based
on the comparison of six genotypes, chosen among a broad set of genotypes
derived from 122 red clover populations (Vleugels et al., 2013b). These six
genotypes included early and late flowering, erect and prostrate types with
good or poor branching, and with elongating and non-elongating main axes.
The results obtained in growth chambers under controlled conditions were
validated in field-grown plants.
3.2 Materials and methods
3.2.1 Plant materials
The shoot architecture of red clover is very diverse (Cnops et al., 2010). We
chose six cultivars/populations with a wide variety of architectural charac-
teristics among plants from 122 populations, including cultivars, landraces
and wild populations (Vleugels et al., 2013b). The selection was based on
the visual evaluation in field-grown plants of architectural characteristics
such as branchiness and growth habit (Figure 3.1). Because of the pheno-
typic variability within each population, one genotype of each population
was chosen reflecting the most extreme branching phenotype. The following
genotypes were chosen: Diplomat (NPZ, Germany), Lemmon (Barenbrug,
Belgium), Rubitas (Kiwi Seed Co, New Zealand) and Crossway (Grassland
Company, New Zealand). Note that we use the name of the cultivar/popu-
lation to which the genotype belongs as identifier. In these genotypes, the
main axis did not elongate and remained vegetative before flowering. We
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also included two genotypes with unusual characteristics, e.g. an elongat-
ing main axis (Hungaropolyloid selection; Hp) (Japan, USDA, PI419547)
and the presence of multiple branches from the same node (No.16) (Turkey,
USDA, PI205439). These two genotypes were randomly chosen from the
corresponding population. Note that a detailed analysis of the branching
characteristics of the genotypes Crossway and Diplomat has been presented
in Chapter 2.
The six genotypes were propagated using stem cuttings to generate geneti-
cally identical plants that were kept in a growth chamber (19 ◦C, 16 h light,
80µmol/m2.s, cool white) or planted in the field, as specified below. A
16 h photoperiod was chosen since red clover requires long days to initiate
stems and flowers (Taylor & Quesenberry, 1996). According to Vleugels
et al. (2013b), the populations Diplomat, Lemmon, Rubitas and Crossway
display an intermediate flowering time, while Hp is early flowering. No.16
was not included in Vleugels et al. (2013b), and no knowledge on the time
of flowering was available for this population at the start of this study.
3.2.2 Analysis of architectural characteristics
Experiment 1: To describe the shoot architecture of each genotype, five
rooted ramets were transplanted to 10 L pots filled with potting soil (one
ramet per pot), and were kept for one month in a greenhouse (7-19 ◦C,
February-March). The plants were then transferred to a growth chamber,
where they were watered once to twice per week and no fertiliser was ap-
plied. The plants were examined according to Chapter 2: once every two
weeks over a period of three months to count the number of leaves (num-
ber of nodes) and the number of branches at discrete positions over time.
The outgrowth percentage per node was calculated as the ratio between
the number of branches and the number of nodes at a given time, position,
or any level of positional hierarchy. The time of flowering of a plant was
determined as the moment at which three heads had open flowers (Inter-
national Union for the Protection of New Varieties of Plants-UPOV, 2001).
We determined the architectural characteristics at two weeks after the time
of flowering.
Experiment 2: An independent set of five plants per genotype was grown
in a growth chamber as described above and was scored every 3-4 days. We
took detailed measurements of the main axis and the two first-appearing
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Figure 3.1: Architectural types in red clover. (A) Architectural types based on branch-
iness and growth habit. The genotypes corresponding with each architectural type are
given below the schemes. (B) The six red clover genotypes (from left to right, and from
top to bottom) Hp, Diplomat, No.16, Lemmon, Crossway and Rubitas. (C) Detail of
an elongating main axis in Hp, and (D) detail of accessory branches in No.16, indicated
with two arrows.
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first-order branches till four weeks after the appearance of a terminal flower
head on these branches. These data were used to estimate the phyllochron,
the lag time to bud outgrowth, and the duration of phytomer production
(Chapter 2). For the calculation of the lag time to bud outgrowth, only
buds that grew out during the experiment were considered; the duration of
phytomer production was calculated for the two first-appearing first-order
branches. Finally, to determine the possible presence of accessory buds, we
microscopically examined six first-order branches per plant two weeks after
the appearance of the respective branch and at the time of flowering.
3.2.3 Analysis of regrowth
Experiment 3: Five ramets per genotype were grown in a growth chamber
as described above. In this case, 0.06 g N, 0.09 g P2O5 and 0.18 g K2O
(Hakaphos, Compo, 8-12-24) was applied every three months. The plants
were allowed to grow till four weeks after the time of flowering and were
subsequently cut to a height of 7 cm above ground level. Immediately after
cutting, the number of first-order branches, the number of nodes and the
number of branches in the basal 7 cm (nodes and branches of all branching
orders including the main axis), and the dry weight of the removed part
were determined. The number of nodes per branch in the basal 7 cm was
counted for six first-order branches per plant. Two weeks after cutting,
the regrowth in the basal 7 cm of the plant was examined by counting the
number of first-order branches and the number of nodes and branches. The
outgrowth percentage per node immediately after cutting and two weeks
later was calculated as described above. This cycle of determining time of
flowering, cutting and analysis of regrowth was repeated twice.
Experiment 4: Ten rooted ramets per genotype were planted in the field
(Melle, Belgium, 51◦00’N 3◦48’E, sandy loam soil) at spaced positions (1 m
between plants) on the 25th of May 2012. Five plants per genotype were
planted without any competition, and five were planted in competition with
Lolium perenne (one red clover plant in a field plot of perennial ryegrass
cv. Merks that had been sown one week earlier (500 kg/ha)). We ap-
plied 12 kg/ha N, 40 kg/ha P2O5 and 120 kg/ha K2O (Prayon, 3-10-30) at
planting. Experimental conditions (i.e. cutting height and frequency) and
measurements were as described in the previous paragraph, but for prac-
tical reasons the number of nodes could not be counted in the field. The
measurements were repeated two to four times during one growing season,
46
Architectural characteristics and regrowth
depending on the genotype and its frequency of flowering. At the end of
the growing season (September 30th 2012), all plants were cut regardless
of their developmental stage. Perennial ryegrass plants were cut only once,
at the end of the growing season. The measurements were repeated in the
following growing season (May 1st - September 30th 2013). The average day
temperature from May to September 2012 and 2013 was 16 ◦C. The precip-
itation in 2012 and 2013 was 910 mm and 852 mm, respectively. In 2012,
the day length varied between 15h58 on May 25th and 11h40 on September
30th, with a maximum of 16h31 on June 20th. In 2013, the day length varied
between 14h47 on May 1st and 11h42 on September 30th, with a maximum
of 16h31 on June 21st.
3.2.4 Data analysis
Means and standard errors were calculated per genotype. The significance of
the inter-genotype differences was estimated using one-way ANOVA tests in
combination with Tukey HSD or Games-Howell for post-hoc comparisons,
depending on homogeneity of variances (Lund & Lund, 2013). ANOVA
analysis was used instead of non-parametric tests because the data showed
no large deviations from normality, as suggested by McDonald (2013). To
compare data from different experiments, the results were expressed as a
function of thermal time (◦C.days) since the start of the experiment (cfr.
Chapter 2).
3.3 Results
3.3.1 Main architectural characteristics of six red clover
genotypes (Experiment 1)
The architectural characteristics such as branchiness and growth habit of
the six genotypes coincided with their initial selection criteria. A graphical
representation of an average plant of each genotype at two weeks after the
time of flowering is shown in Figure A.1. Lemmon (type 1, Figure 3.1A,B)
flowered at 1209 ◦C.days, had an erect growth habit, an abundance of nodes
and branches, and a relatively high total outgrowth percentage per node
(Figure 3.2A). Crossway (type 2) also flowered at 1209 ◦C.days and had
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a higher total number of nodes and branches than Lemmon (Figure 3.2A,
Table 3.1), and was prostrate. Diplomat (type 3) formed fewer nodes and
branches and displayed a relatively low total outgrowth percentage per node
compared to Lemmon (Figure 3.2A). Rubitas (type 4) had characteristics
similar to Diplomat, except for the prostrate growth habit and the slightly
higher total outgrowth percentage per node (Figure 3.2A, Table 3.1). This
genotype flowered at 1089 ◦C.days.
The last two genotypes, Hp and No.16 (types 5 and 6), were both semi-
erect and flowered early (749 ◦C.days and 629 ◦C.days, respectively). They
formed a low number of nodes and branches (Figure 3.2A). In experiment 1,
the main axis elongated before flowering in 80 % of the Hp ramets (Figure
3.1C). The total outgrowth percentage per node of No.16 was high com-
pared to low-branching genotypes (Figure 3.2A). Other characteristics of
this genotype were the elongating main axis (in 40 % of the ramets in ex-
periment 1), and the presence of accessory branches (Figure 3.1D) with 12 %
of the total number of branches being accessory.
48
Architectural characteristics and regrowth
A
Without competition
DB
At cutting 2 weeks after cutting
Growth chamber 
free growth
Growth chamber
first cut
Growth chamber
second cut
Field - first cutC
To
ta
l n
um
be
r o
f n
od
es
To
ta
l n
um
be
r o
f b
ra
nc
he
s
To
ta
l o
ut
gr
ow
th
pe
rc
en
ta
ge
 p
er
 n
od
e 
(%
)
200
400
600
800
100
0
30
35
250
200
150
50
0
0
5
10
15
20
25
N
um
be
r o
f b
ra
nc
he
s
in
 th
e 
ba
sa
l 7
 c
m
N
um
be
r o
f n
od
es
in
 th
e 
ba
sa
l 7
 c
m
O
ut
gr
ow
th
 p
er
ce
nt
ag
e 
pe
r
no
de
 in
 th
e 
ba
sa
l 7
 c
m
 (%
)
300
500
100
200
400
600
0
40
100
80
60
20
0
120
30
40
0
10
20
140
50
700
With competition
N
um
be
r o
f b
ra
nc
he
s
in
 th
e 
ba
sa
l 7
 c
m
40
100
80
60
20
0
120
N
um
be
r o
f b
ra
nc
he
s
in
 th
e 
ba
sa
l 7
 c
m
40
100
80
60
20
0
120
C
ro
ss
w
ay H
p
D
ip
lo
m
at
N
o.
16
R
ub
ita
s
Le
m
m
on
C
ro
ss
w
ay H
p
D
ip
lo
m
at
N
o.
16
R
ub
ita
s
Le
m
m
on
C
ro
ss
w
ay H
p
D
ip
lo
m
at
N
o.
16
R
ub
ita
s
Le
m
m
on
C
ro
ss
w
ay H
p
D
ip
lo
m
at
N
o.
16
R
ub
ita
s
Le
m
m
on
c
c
bc
a
b
a
a
a
ab
b
b
ac
aa
a
acc
ab
xy xyxyxz
ab bcabacab
y xzxzzxy
bc aacabc
y xyxxxz
abc baababc
z xyxyxyxy
d ababac
z yyxyzy
b ababaabb
yz yzxyxzxyz
ab bcaacab
b
c
a
ab
abab
b
c
a
ab
ab
a
Figure 3.2: Architectural characteristics of six red clover genotypes. For plants grown
in the growth chamber, (A) at two weeks after the time of flowering (Experiment 1), (B)
at and two weeks after the first cut (Experiment 3) and (C) at and two weeks after the
second cut (Experiment 3). (D) Architectural characteristics at two weeks after the first
cut for plants grown in the field without and with competition (Experiment 4). Figures
are mean ± SE for five ramets per genotype. The letters a, b, c indicate the significance
groups. In (B) and (C), the letters x, y, z indicate the significance groups at the moment
of cutting; the letters a, b, c, d indicate the significance groups at two weeks after cutting
(P < 0.05, Tukey HSD or Games-Howell).
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3.3.2 Dynamic differences among genotypes during
development (Experiment 2)
The phyllochron on the main axis was similar in all six genotypes. On the
first-order branches, significant differences were found only between Hp and
No.16 (Table 3.2). Large differences were found for the number of nodes on
the main axis and the number of nodes per first-order branch, with the two
prostrate genotypes Crossway and Rubitas displaying the highest values.
Two groups could be distinguished relative to the duration of phytomer
production. The more erect types Lemmon and Diplomat and the semi-erect
type Hp produced nodes on the first-order branches during a shorter period
than Crossway, Rubitas and No.16. These data suggest that the genotypes
initiated consecutive nodes at a similar pace (similar phyllochron), but that
the inter-genotype differences were determined by the formation of more
nodes per branch before terminating into a flower head (different duration
of phytomer production).
The lag time to bud outgrowth was 269 ◦C.days on average and was similar
in most genotypes and for different branching orders (Table 3.2). Significant
differences were observed for lag time to bud outgrowth on the main axis
between Rubitas on the one side, and Lemmon, Crossway and Hp, on the
other side. This reflects a very slow bud outgrowth in Rubitas, not only
on the main axis, but also on the first-order branches (although differences
were not significant in the latter case).
Finally, the appearance of accessory buds was studied. Around the time of
flowering, all genotypes had developed more than one bud per node at some
(but not all) nodal positions (Figure 3.3) but four weeks later, accessory
branches were only observed in No.16, as expected from our previous ob-
servations. However, there was a difference in the timing of the formation
of the accessory buds in the six genotypes as only Diplomat, Hp and No.16
had already formed more than one bud on some nodes during the vegetative
phase (Diplomat carried accessory buds on half its nodes compared to 11 %
in No.16 and 7 % in Hp) (Figure 3.3).
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Figure 3.3: Appearance of accessory buds. Percentage of nodes with accessory buds
on the total number of nodes of vegetative and flowering first-order branches. Figures
are mean ± SE for six first-order branches per genotype. The letters a, x, y indicate the
significance groups (P < 0.05, Tukey HSD or Games-Howell).
3.3.3 Regrowth after cutting under controlled
conditions (Experiment 3)
After cutting, new branches can emerge from axillary buds from two ori-
gins: the non-elongated main axis and the higher-order cut branches (Figure
3.4). The branches that remain after cutting can either initiate growth from
other points or die. Based on these criteria and our observations, the six
genotypes were classified into three regrowth types (Figure 3.4). In type
1 (Hp and Diplomat), almost all remains of the cut branches died and re-
growth occurred mainly by the formation of new first-order branches. In
this experiment, the main axis in Hp plants did not elongate and thus the
influence of an elongating main axis on regrowth could not be analysed. In
experiment 1, the plants were kept for one month in a greenhouse before
being transferred to a growth chamber. In experiment 3, the plants were
kept during the whole experiment in a growth chamber. The plants of ex-
periment 1 experienced thus shorter and colder days during the first month
compared to those of experiment 3. The difference in elongation of the main
axis between the experiments is possibly due to the different environmental
conditions. This has been shown in Arabidopsis thaliana in which variation
of day length and temperature influences the elongation of the internodes
of the main inflorescence (Antoun & Ouellet, 2013; Jouve et al., 1998). In
type 2 (Lemmon, Rubitas and No.16), a subset of the cut branches died
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while others produced higher-order branches from the remaining nodes. Si-
multaneously, new first-order branches were formed. In type 3 (Crossway),
the cut branches rarely died, and buds from the main axis as well as from
cut first- and higher-order branches grew out into branches.
Regrowth type 1 Regrowth type 2 Regrowth type 3
CrosswayDiplomat
No.16
Hp Rubitas
Lemmon
Number of nodes per first-order branch in the basal 7 cm at cutting 
Diplomat
Hp
No.16
Rubitas
Lemmon
Crossway
1.7 ± 0.3|a
3.3 ± 0.3|ab
6.8 ± 0.4|c
4.3 ± 0.5|b
7.8 ± 0.5|c
4.0 ± 0.5|b
Figure 3.4: Various types of regrowth in red clover. The first scheme represents a
whole red clover plant. The half-circle indicates the position of cutting. In the other
schemes, the grey parts indicate the branches that die after cutting, the black parts
indicate the ones that keep/start growing after cutting. Arrows indicate branches. The
table shows the mean ± SE of the number of nodes per first-order branch in the basal
7 cm at cutting (for six first-order branches per genotype grown in the growth chamber)
(Experiment 3). The letters a, b, c indicate the significance groups (P < 0.05, Tukey
HSD or Games-Howell).
Some of the differences between these three types could be explained by the
internode length in the basal 7 cm of first-order branches, because this influ-
ences the number of nodes from which growth could be resumed. Genotypes
of type 1 (Diplomat, and to a lesser extent, Hp) formed long internodes with
only a few nodes per branch in the basal 7 cm (Figure 3.4). The genotypes
Lemmon and No.16 (type 2) had an intermediate number of nodes, while
the most prostrate genotypes Rubitas (type 2) and Crossway (type 3) had
short internodes with a high number of nodes per branch in the basal zone.
Despite the relatively large number of nodes per branch present in the basal
7 cm in Rubitas (Figure 3.4, Figure 3.2B), a higher percentage of first-order
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branches died after cutting (regrowth type 2) than in Crossway.
At the first cut and two weeks later (Figure 3.2B), the number of nodes and
branches in the basal 7 cm were the highest in Crossway, followed by Lem-
mon. The differences between the genotypes were smaller but were generally
comparable to the data from plants in free growth (Figure 3.2A). Rubitas
had a similar number of nodes as Lemmon but developed a lower num-
ber of branches, reflected in a significantly lower outgrowth percentage per
node (Figure 3.2B). This low outgrowth percentage per node contrasts with
the behaviour of this genotype in free growth (Figure 3.2A). For the out-
growth percentage per node in the basal 7 cm, the ranking of the genotypes
was different when the two cuts were compared (Figure 3.2B,C), probably
reflecting different sensitivities to repeated cuts.
Regrowth was analysed by comparing the number of nodes in the basal
7 cm at cutting and two weeks later (Figures 3.2B,C and 3.5). Lemmon,
Crossway and Rubitas displayed the strongest increase in the number of
nodes in the basal 7 cm two weeks after cutting (Figure 3.5D,E). In terms
of yield, similar patterns were observed for the first and the second regrowth
periods (Figure 3.5A,B,C). Lemmon and Crossway, and to a lesser extent
Rubitas, were the highest yielding genotypes.
3.3.4 Regrowth after cutting under field conditions
(Experiment 4)
The last step was to make a preliminary evaluation of how well the obser-
vations under controlled conditions could be extrapolated to the genotype
responses in the field. All genotypes formed a higher number of branches in
the basal 7 cm under field conditions (Figure 3.2D) than under controlled
conditions (Figure 3.2B). The ranking of the genotypes was comparable to
that under controlled conditions, except for Hp, which performed relatively
better in the field. In the second growing season (results not shown), a simi-
lar trend was observed but in all plants the number of branches in the basal
7 cm was higher than in the first growing season: from three times higher
in No.16 up to 13 times higher in Diplomat. The biomass yield was the
highest for Lemmon and Crossway, in both growing seasons (Figure 3.6),
and was much higher than under controlled conditions (Figure 3.5B). The
plants were generally smaller under controlled conditions than in the field,
which was probably due to the low light intensities applied in the growth
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chamber and the limitation in soil volume. However, the ranking of the
genotypes was similar under both situations, and therefore the results un-
der controlled conditions rendered a good estimation of the regrowth of the
six genotypes examined.
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Figure 3.5: Dry matter yield and regrowth for six red clover genotypes in the growth
chamber (Experiment 3). (A,D) At the first cut, (B,E) at the second cut and (C) at the
third cut. Figures are mean ± SE for five ramets per genotype. The bars in (D) and (E)
indicate the increase or decrease during two weeks after cutting. The letters a, b, c, d
indicate the significance groups (P < 0.05, Tukey HSD or Games-Howell).
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In competition with perennial ryegrass (Figure 3.2D), the number of branches
in the basal 7 cm was lower than without competition but the ranking of
the genotypes was comparable when grown with and without competition.
Similar observations were made in the second growing season. The lower
number of branches in plants grown in competition with ryegrass resulted,
as expected, in lower dry matter yields (Figures 3.2D and 3.6B,D). During
the winter after the first growing season, some plants died, especially when
grown in competition with perennial ryegrass. The most affected genotype
was No.16.
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Figure 3.6: Dry matter yield (several cuts summed-up) of six red clover genotypes under
field conditions for two growing seasons (Experiment 4). (A,C) Without and (B,D) with
competition with perennial ryegrass. For each growth condition, figures are mean ± SE
for five ramets per genotype in the first growing season, and for one to five ramets per
genotype in the second growing season. The letters a, b, c, d indicate the significance
groups (P < 0.05, Tukey HSD or Games-Howell).
Under field conditions, good correlations were found at the first cut be-
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tween the number of first-order branches and the total number of branches,
between the number of first-order branches and the dry matter yield, and
between the total number of branches and the dry matter yield (Table 3.3).
However, a low correlation was found between the total number of branches
and the dry matter yield for the plants grown without competition in the
second growing season. We can thus conclude that the number of first-order
branches is a good measure for the dry matter yield after the first cut in
both growing seasons. The correlations become smaller for cuts later in the
season. This is probably due to a higher level of branchiness in general at the
second cut, making the number of first-order branches less representative of
the amount of biomass accumulated.
Table 3.3: Correlation (R2) between different characteristics for plants grown under
field conditions (Experiment 4). Cut1.1 - first cut in the first growing season; cut 2.1 -
first cut in the second growing season.
Without competition With competition
1.1 1.2 2.1 2.2 1.1 1.2 2.1 2.2
Number of first-order branches
vs. total number of branches
0.88 0.71 0.71 0.56 0.79 0.76 0.92 0.70
Number of first-order branches
vs. dry matter yield
0.64 0.19 0.64 0.15 0.68 0.17 0.73 0.27
Total number of branches
vs. dry matter yield
0.75 0.32 0.40 0.39 0.79 0.16 0.60 0.60
3.4 Discussion
3.4.1 Characteristics differentiating architectural types
in red clover
In Chapter 2, we demonstrated that node formation and bud outgrowth are
probably the two most important processes to explain branching differences
between Crossway and Diplomat. Here, we have expanded the analysis to
four genotypes with other architectural characteristics. For the selection of
an extra set of genotypes, next to branchiness, we took into consideration
characteristics such as growth habit, time of flowering and the formation
of accessory branches, as we assumed that these architectural aspects can
have an important impact on the regrowth.
Among this set of six genotypes, clear differences were observed regarding
58
Architectural characteristics and regrowth
the number of nodes and their spatiotemporal distribution. The number of
nodes per first-order axis differed greatly, while the among-genotype phyl-
lochron differences were mostly non-significant. Therefore, a higher number
of nodes on first-order branches, as observed in the prostrate genotypes
Crossway and Rubitas, and also in No.16, was due to a longer duration of
phytomer production. These findings are consistent with the main differ-
entiation reported between Crossway and Diplomat in Chapter 2. Similar
results have been reported in pea (Pisum sativum), where the variation in
the number of nodes per axis between cultivars is also due to variation in
the duration of phytomer production (Arumingtyas et al., 1992; Barillot
et al., 2012). The lag time to bud outgrowth was significantly higher in
Rubitas than in the other genotypes, suggesting that variation for this as-
pect is present in red clover. This was not detected in Chapter 2, as the
two investigated genotypes, Crossway and Diplomat, do not differ for this
characteristic.
The relationship between the number of nodes and the outgrowth percent-
age per node is complex. For example, genotypes that produce first-order
branches with similar numbers of nodes do not necessarily belong to the
same architectural type. For example, Crossway has good branching and
has similar number of nodes as the poor branching genotype Rubitas (Table
3.2). The longer lag time to bud outgrowth of Rubitas, in combination with
a moderate outgrowth percentage per node, contributed to poor branching
(Table 3.2), similarly to the findings of Corbel et al. (2001) in contrasting
white clover cultivars. This observation confirms the relevance of the process
of bud outgrowth in red clover. Nevertheless, genotypes with a high total
outgrowth percentage per node can only produce high numbers of branches
if combined with a high number of nodes, such as in Crossway, and to a
lesser extent, Lemmon.
The erect genotypes included in this study produced fewer nodes per axis
than the prostrate genotypes due to a shorter duration of phytomer produc-
tion. This suggests a link between growth habit and number of nodes per
axis in red clover, but this should be investigated in a larger set of genotypes
before a clear conclusion can be drawn. If confirmed, selections directed to
the creation of cultivars with an erect growth habit should also consider the
number of branches and the outgrowth percentage per node to avoid the
selection of low branching (probably low yielding) plants.
Also for the four extra genotypes studied here, every node examined con-
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tained at least one bud, confirming that the architectural differences found
in red clover are probably not due to the suppression of axillary meristem
(and bud) formation, as already reported in Chapter 2 after examination of
Crossway and Diplomat. This differentiates red clover from species such as
pea or tomato (Solanum lycopersicum), for which mutants in axillary meris-
tem formation have been identified (Rameau et al., 2002; Schumacher et al.,
1999). In Chapter 2, we could not determine the contribution of differences
regarding the formation of accessory buds to the observed branching differ-
ences, which is a common phenomenon in legume species (Alvarez et al.,
2006; Stafstrom & Sarup, 2000). Here, we found clear differences regard-
ing the percentage of nodes in which accessory buds were formed, the time
at which these accessory buds were formed, and their outgrowth percent-
age (Figure 3.3). In Diplomat, Hp and No.16, accessory buds were formed
early in development, but at the time of flowering, all red clover genotypes
had formed accessory buds at some nodes. These accessory buds can be a
source for regrowth after grazing or mowing. However, the relationship is
not simple, as the contribution of these accessory buds depends also on their
outgrowth capacity. For example, although Diplomat produced the highest
number of accessory buds, they had little contribution to the regrowth as
they did not develop into branches in the basal 7 cm.
3.4.2 Architectural characteristics and regrowth
The regrowth after cutting is partially determined by the availability of en-
ergy and nitrogen reserves (Bosworth & Stringer, 1985; Volenec et al., 1996)
and is thus related to the duration of plant growth before the cut. We could
therefore expect that genotypes that flower later such as Lemmon, Diplomat
and Crossway (time of flowering 1209 ◦C.days) would be able to store more
reserves that can be used for subsequent regrowth cycles. However, in the
experiments presented here, the time of flowering (before cutting) did not
always correlate with the time that the plants needed to flower again after
cutting. For example, Diplomat and Crossway are both late flowering geno-
types, but Diplomat flowered again soon after cutting (448 ◦C.days), while
Crossway had first a long vegetative phase (1302 ◦C.days) before flowering
again. This might have contributed to the (although not always significant)
differences between these genotypes for dry matter yield and increase/de-
crease in the number of nodes in the basal 7 cm.
The results presented here indicate that the regrowth in red clover is largely
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determined by both the number of growth points (buds) that remain after
cutting as well as by their capacity to grow out. In contrast to alfalfa, where
the crown is situated below ground and a low mowing height does not in-
terfere much with regrowth (Shen et al., 2013), in red clover the crown (and
the buds) is situated above the ground (Taylor & Quesenberry, 1996). In
our experiments, we used the suggested optimal cutting height for red clover
of 6-7 cm (Latre´ et al., 2007), but this had consequences for the number of
nodes that remained after cutting in genotypes with different architectures,
as we observed a large variation in the number of nodes in the basal 7 cm.
A high number of nodes in this location determines the regrowth to a great
extent. This can be achieved either by producing short internodes, or by
producing a large number of branches or by a combination of both. For ex-
ample, in the prostrate, high branching genotype Crossway and in the erect,
high branching genotype Lemmon, a large number of nodes remained after
cutting in the basal zone (Figure 3.2). This was reflected in good regrowth,
expressed as increase of number of nodes (Figures 3.2 and 3.5). These two
genotypes were also the highest yielding (Figures 3.5 and 3.6). Rubitas,
also a prostrate genotype with short internodes and a high number of nodes
per first-order branch (Figure 3.4, similar to Crossway in this respect), dis-
played a relatively good increase of number of nodes (Figure 3.5). However,
as this genotype produced a low number of first-order branches (Table 3.1),
the high increase in the number of nodes in the basal 7 cm was not reflected
in its dry matter yield (Figures 3.5 and 3.6).
When taken together, these results suggest that by selecting for short in-
ternodes and a high number of (first-order) branches, one can select for
genotypes that are more tolerant to repeated cutting. However, selecting
for short internodes might favour the prostrate plants. Given the high and
significant correlation between the number of first-order branches and the
dry matter yield after the first cut (Table 3.3), selecting for this relatively
easy-to-evaluate trait in combination with observations of internode length
could be an appropriate approach in breeding applications. However, these
conclusions should be treated with care till validated in a larger set of plants
and in dedicated field trials, as they are based on the observation of only
six genotypes.
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3.5 Conclusion
Architectural characteristics have a clear influence on the regrowth in red
clover. This was confirmed for plants grown either in the growth chamber,
as isolated plants in the field or in competition with perennial ryegrass. The
ranking of genotypes was consistent across experiments with regards to the
number of branches and the dry matter yield. The most relevant aspects
for regrowth are the number of nodes that remain in the basal 7 cm zone
after cutting and the outgrowth capacity of the buds present in this zone.
Selecting genotypes with a high number of first-order branches, short intern-
odes and the ability to resume growth from the nodes that remain in the
uncut zone should allow the development of cultivars with good regrowth.
Among the genotypes investigated here, Lemmon and Crossway displayed
the highest number of nodes and branches in the basal 7 cm, the highest
increase in the number of nodes in this zone, and the highest biomass yields.
Their different growth habits make them suitable prototypes for different
applications. Architectural type 1 (Lemmon) is better suited for mowing
applications, while architectural type 2 (Crossway), with its ability to form
new rosettes from basal nodes (Rumball et al., 2003), is better adapted to
grazing applications. Although the results presented here have shed some
light on the intricate relation between shoot architecture and regrowth, ad-
ditional experiments including a larger number of genotypes and validation
under realistic field conditions are still required. Additionally, different red
clover genotypes will display different sensitivities to photoperiod, which
would affect the amount of reserves and the number of growth points avail-
able for regrowth after cutting. A more detailed analysis of the relationship
between photoperiod, the flowering time and subsequent bud development
merits further investigation.
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4
Can we use knowledge from
model species to understand
branching in red clover?
Chapter 4
4.1 Introduction
In Chapters 2 and 3, we demonstrated that node formation and bud out-
growth are important determinants for the final number of branches in red
clover. We also concluded that the number of nodes in the basal 7 cm and
the outgrowth capacity of the buds in this zone influence the capacity to
regrow after cutting of red clover plants. In Chapter 5, we study these pro-
cesses and architectural characteristics on a genetic level, as a first step in
the development of molecular breeding and selection schemes in red clover.
This analysis benefits from the existing knowledge about relevant pathways
and genes in model species. Therefore, in this chapter, we evaluate how
knowledge from model species can be used to understand branching differ-
ences in red clover. As described in Chapter 1, shoot branching is regulated
by a complex interplay among the hormones auxins, cytokinins and strigo-
lactones. Therefore, the genetic and physiological analyses carried out in
the context of this PhD thesis were centered around these hormones and
their interactions.
For auxins and cytokinins much knowledge is available in model plants and
even in crops. It is also well established that they affect processes other
than shoot branching (Davies, 2004). In contrast, the role of strigolac-
tones in shoot branching was discovered recently (Gomez-Roldan et al.,
2008; Umehara et al., 2008) and has not been investigated in such detail
as auxins and cytokinins. According to available data, the strigolactone
biosynthesis-signalling pathway is relevant for bud outgrowth in dicots and
monocots, being an important determinant of branching/tillering, and is
conserved among the plant species investigated to date (Beveridge, 2006;
Johnson et al., 2006; Ongaro & Leyser, 2008). It was recently shown that
rice (Oryza spp.) cultivars with the lowest strigolactones concentration
produce a higher number of tillers than those with high strigolactones con-
centration (Jamil et al., 2011). Therefore, we hypothesise that this pathway
is also conserved and relevant in red clover. Through its effect on bud out-
growth, strigolactones can be one of the main players in the determination
of the contrasting architecture of red clover genotypes investigated in this
PhD thesis. Therefore, we have chosen the strigolactone pathway as the
main subject of study in this chapter. We try to identify possible paral-
lelisms between architectural differences among red clover genotypes and
those between wild type and mutant genotypes in model plant species.
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As Medicago truncatula is the model legume most closely related to red
clover (Choi et al., 2004), it was a priori the best choice for comparison
with red clover phenotypes. However, no M. truncatula mutants in the
strigolactone pathway were available in searchable collections when this in-
vestigation was initiated. Therefore, we used Arabidopsis thaliana which is
the most investigated model plant species, also for strigolactone research,
and for which much knowledge is available related to phenotypic charac-
teristics and the corresponding genetic factors. Since we assume that the
regulation of the branching processes and pathways is highly conserved in
different species, it should be possible to use A. thaliana as reference for
this analysis, even if it is not a legume and despite its substantially different
growth pattern from that of red clover (see below). The A. thaliana more
axillary growth (max ) mutants, carrying mutations in genes of the strigolac-
tone biosynthesis-signalling pathway, were therefore used. In A. thaliana,
the processes and molecular components related to branching have been
studied in much detail, and the branching characteristics of these mutants
have been thoroughly described (Booker et al., 2004, 2005; Sorefan et al.,
2003; Stirnberg et al., 2002). However, in previous studies, the phenotypic
measurements in A. thaliana were taken according to other methodologies
than the one used in this PhD thesis to describe branching patterns in red
clover (Booker et al., 2004, 2005; Sorefan et al., 2003; Stirnberg et al., 2002),
making the one-by-one comparison of the processes relevant in red clover
with those in A. thaliana difficult or even impossible. Therefore, we per-
formed phenotypic analyses in A. thaliana according to the methodology
described for red clover. Specifically, we explored the branching phenotype
of the A. thaliana wild type Col-0 and four max mutants using the method-
ology developed in Chapter 2. This allowed us to assess the value of the
strigolactone biosynthesis-signalling pathway as a candidate to explain the
branching differences observed in red clover and as a target for molecular
breeding efforts.
4.2 Materials and methods
4.2.1 Plant materials and growth conditions
The Arabidopsis thaliana wild type Col-0 and four max mutants were anal-
ysed: max1-1, max2-1, max3-9 and max4-1. max1-1, max2-1 and max3-9
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are EMS (ethyl methane sulphonate) mutants (Booker et al., 2004; Stirn-
berg et al., 2002), and max4-1 is a transposon insertion line (Sorefan et al.,
2003). A. thaliana seeds were sterilised and sown on 1/2 MS medium. The
plates were maintained at 4 ◦C during two days, followed by five days in
a growth chamber (20 ◦C, 16 h light). After this phase, the seedlings were
transferred to soil. The plants were then allowed to grow in a growth cham-
ber (20 ◦C, 16 h light). In a first experiment, ten plants per genotype were
analysed at 70 days after sowing (DAS). This corresponded to 39 days after
flowering time in max2-1, max3-9 and max4-1, and 43 days after flowering
time in Col-0 and max1-1. In a second experiment, 15 plants per geno-
type were scored at regular time intervals till 55 DAS using non-destructive
measurements.
4.2.2 Data recording
The architectural differences between the wild type Col-0 and the max mu-
tants of A. thaliana were recorded in a similar way as in red clover (Chapter
2). In the first experiment, we counted how many leaves (number of nodes)
and branches (number of branches) were formed at discrete positions. In
the second experiment, we counted the number of nodes and branches in
the rosette over time. The outgrowth percentages per node for nodes in
the rosette and on different branching orders were calculated as described
in Chapter 2. Similarly to the nomenclature applied in red clover, the term
’node formation’ was used to comprise all processes after axillary meristem
initiation and before bud outgrowth. The term ’bud outgrowth’ indicated
the stage that a branch started to grow at a node and became visible.
4.2.3 Data analysis
Means and standard errors were calculated per genotype for the character-
istics described above. Statistical analysis was performed using ANOVA
tests in combination with Tukey HSD or Games-Howell for post-hoc com-
parisons.
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4.3 Results
4.3.1 Main architectural characteristics in A. thaliana
The development of vegetative axillary meristems (VM) in A. thaliana is
delayed till 17 nodes are formed in the rosette. From then onwards, axillary
meristems are initiated acropetally (Figure 4.1) (Grbic & Bleecker, 2000;
Stirnberg et al., 1999). Thus, in contrast to red clover, A. thaliana plants
grown in long-day conditions usually do not contain visible buds in the axils
of the rosette leaves during the vegetative phase (Stirnberg et al., 1999).
Upon floral transition, new axillary meristems are formed in a basipetal
pattern starting from the axil in the youngest leaf primordium. After the
main axis grows out, inflorescence meristems (IM) and floral meristems
(FM) are produced (Grbic & Bleecker, 2000; Schmitz & Theres, 1999). The
identity of the VMs in the rosette changes then to IMs and additional VMs
are formed in the axils of rosette leaves and develop subsequently into IMs
(Schmitz & Theres, 1999). Only after floral transition, axillary buds are
initiated and grow out basipetally into branches (Grbic & Bleecker, 2000;
Hempel & Feldman, 1994; Schmitz & Theres, 1999). Also in A. thaliana,
different branching orders are formed (Figure 2.2).
Flower
Undetermined meristem
Main axis
Leaf
Branch
Cauline leaf
VM and IM
IM
FM
CB
RB
Figure 4.1: Plant architecture in Arabidopsis thaliana. VM - vegetative meristem,
IM - inflorescence meristem, FM - floral meristem, RB - rosette branches, CB - cauline
branches.
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4.3.2 Comparison of architectural characteristics of
wild type and mutant plants
Consistent with earlier analyses (Booker et al., 2004, 2005; Sorefan et al.,
2003; Stirnberg et al., 2002), all max mutants had a higher number of
branches on the total plant (1.4 - 1.6 times higher compared to the wild
type Col-0) (Table 4.1). The primary inflorescence of the max mutants did
not have more first-order branches, nor more higher-order branches than
the wild type (Table 4.2 - cauline branches). The major differences were
found for the number of first-order branches generated from the nodes in
the rosette. All max mutants showed in at least two branching orders sig-
nificantly more branches from the rosette than the wild type (Table 4.2 -
rosette branches). The highly branched phenotype of the max mutants is
thus primarily a consequence of a higher number of first- and higher-order
branches from the rosette. max1-1 was more similar to the wild type than
the other max mutants for the number of first- and second-order branches
from the rosette. Next, we analysed whether the higher number of branches
was due to more nodes or merely due to a higher outgrowth percentage per
node. Considering only those nodes that can generate branches (VM and
IM, Figure 4.1), max2-1, max3-9 and max4-1 had 1.6, 1.4 and 1.6 times
more nodes than Col-0, respectively (Table 4.1). The outgrowth percentage
per node of the total plant was higher in max1-1 and max3-9 as compared
to Col-0 (Table 4.1). Interestingly, the highly branched phenotype of the
max mutants is caused by both an increased node formation (because of
a higher number of nodes) and more bud outgrowth (because of a higher
outgrowth percentage per node).
Table 4.1: Architectural characteristics in Arabidopsis thaliana. The total number of
nodes includes the nodes with vegetative and inflorescence meristems. Figures are mean±
SE for 10 plants per genotype (first experiment). Letters indicate the significance groups
for comparisons among the five genotypes (P < 0.05, Tukey HSD or Games-Howell).
Total number
of nodes
Total number
of branches
Outgrowth percentage
per node (%)
Col-0 237.3 ± 14.0|a 121.9 ± 4.8|a 52.0 ± 1.3|ad
max1-1 285.8 ± 15.3|ab 169.8 ± 6.4|b 60.0 ± 1.6|b
max2-1 383.7 ± 9.8|c 191.3 ± 6.1|b 49.8 ± 0.8|d
max3-9 325.8 ± 26.4|b 189.1 ± 8.5|b 59.8 ± 2.1|bc
max4-1 382.6 ± 21.0|bc 202.6 ± 11.7|b 55.6 ± 1.8|ab
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Table 4.2: Node formation and bud outgrowth in Arabidopsis thaliana max mutants.
Figures are mean ± SE. Letters indicate the significance groups for comparisons among
the five genotypes (P < 0.05, Tukey HSD or Games-Howell). The results are from
the first experiment at 70 DAS (n = 10 plants each). DAS - days after sowing; CB -
cauline branches; RB - rosette branches; T - total number; 1 to 5 - first- to fifth-order
branches/nodes.
Col-0 max1-1 max2-1 max3-9 max4-1
Flowering time (DAS)
27.2 ± 0.6 27.7 ± 0.4 31.0 ± 0.4 31.3 ± 0.5 30.6 ± 0.7
Number of branches
CB T 31.1 ± 3.2|a 25.3 ± 2.5|a 37.0 ± 5.3|a 24.9 ± 3.1|a 27.4 ± 2.7|a
1 3.6 ± 0.4|a 3.0 ± 0.3|a 2.8 ± 0.3|a 3.0 ± 0.3|a 2.8 ± 0.3|a
2 8.8 ± 1.3|a 5.8 ± 0.7|a 7.5 ± 0.9|a 6.6 ± 1.0|a 6.4 ± 0.4|a
3 13.0 ± 1.4|ab 8.0 ± 1.2|a 14.6 ± 1.5|b 8.9 ± 1.1|ab 9.1 ± 0.9|ab
4 5.4 ± 1.4|a 6.5 ± 0.9|a 11.5 ± 2.8|a 4.6 ± 1.1|a 7.5 ± 1.4|a
5 0.3 ± 0.2|a 2.0 ± 0.5|b 0.6 ± 0.4|b 1.8 ± 0.6|b 1.6 ± 0.7|b
Number of branches
RB T 90.8 ± 5.2|a 144.5 ± 7.9|b 154.3 ± 6.5|b 164.2 ± 7.9|b 175.2 ± 11.5|b
1 5.9 ± 0.7|a 8.3 ± 0.6|a 9.0 ± 0.5|b 9.5 ± 0.8|b 10.2 ± 0.8|b
2 22.6 ± 2.1|a 31.0 ± 1.9|ab 39.6 ± 2.7|b 36.5 ± 2.6|b 40.3 ± 2.7|b
3 36.2 ± 2.5|a 56.2 ± 2.5|b 69.8 ± 3.7|b 67.3 ± 3.4|b 64.0 ± 3.9|b
4 23.4 ± 2.3|a 43.9 ± 4.8|b 35.4 ± 3.7|ab 44.9 ± 2.5|b 51.3 ± 4.4|b
5 2.7 ± 0.8|ac 5.1 ± 1.4|abc 0.5 ± 0.3|c 6.0 ± 0.8|ad 9.4 ± 1.8|bd
Number of nodes
RB 1 22.5 ± 6.5|a 33.8 ± 2.7|ac 46.1 ± 2.6|b 39.7 ± 4.1|bc 47.4 ± 4.5|b
2 64.0 ± 12.0|a 71.1 ± 4.3|ac 107.3 ± 5.7|b 91.1 ± 7.9|c 100.2 ± 5.4|bc
3 76.0 ± 13.0|a 77.3 ± 4.8|ac 116.7 ± 7.7|b 110.3 ± 8.1|bc 107.0 ± 10.0|bc
4 35.5 ± 0.5|a 58.9 ± 10.3|bc 44.7 ± 5.5|ac 62.9 ± 7.8|bc 76.0 ± 13.7|b
5 2.5 ± 1.5|a 5.9 ± 1.3|ab 2.5 ± 0.5|ab 7.1 ± 2.3|ab 18.8 ± 6.1|b
Outgrowth percentage per node (%)
RB 1 92.3 ± 3.2|a 95.4 ± 1.6|a 85.0 ± 3.0|a 96.1 ± 2.1|a 92.6 ± 2.8|a
2 62.1 ± 3.2|a 80.3 ± 4.4|b 65.9 ± 3.1|ac 78.2 ± 4.1|bc 69.4 ± 3.6|ab
3 36.3 ± 2.7|ac 55.2 ± 4.3|b 32.0 ± 2.9|a 43.9 ± 2.2|bc 51.2 ± 2.7|b
4 8.5 ± 2.0|a 9.1 ± 2.3|a 1.0 ± 0.7|b 10.0 ± 1.2|a 14.3 ± 1.8|a
In a second experiment, we analysed the temporal growth of the rosette
and first-order branches from the rosette because these two characteristics
constituted the main cause of the higher branching in the mutants. At
the flowering time, the number of nodes in the rosette was significantly
higher (1.1 times) in max2-1, max3-9 and max4-1 compared to Col-0 and
max1-1 (Figure 4.2A). The number of first-order branches from the rosette
was already shortly after flowering time, at 33 DAS, significantly higher
in the max mutants compared to Col-0 (Figure 4.2B). The differences still
increased to 2.0-2.3 times until 55 DAS. The outgrowth percentage per
node of nodes in the rosette was significantly higher (1.8-2.1 times) in the
mutants than in Col-0 (Figure 4.2C). As a consequence, the higher number
of first-order branches from the rosette in max2-1, max3-9 and max4-1 can
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be explained by a higher outgrowth percentage per node (i.e. more bud
outgrowth) and a higher number of nodes in the rosette (i.e. more node
formation). For max1-1, the higher number of first-order branches from the
rosette can only be explained by a higher outgrowth percentage per node
(i.e. more bud outgrowth) as the wild type and mutant rosettes produced
similar numbers of nodes. The max2-1, max3-9 and max4-1 mutants had
also more nodes on most branching orders for rosette branches (Table 4.2).
Taken together, the observations of an increased number of nodes in the
max mutants hint at the involvement of strigolactones in node formation.
More nodes could produce more buds (after floral transition) that in turn
can contribute to a higher number of branches.
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Figure 4.2: Node formation and bud outgrowth of the Arabidopsis thaliana max mu-
tants. (A) Time series of the number of nodes in the rosette, (B) number of first-order
branches from the rosette and (C) outgrowth percentage per node of nodes in the rosette
of wild type Col-0 and max1-1, max2-1, max3-9 and max4-1. Figures are mean ± SE
for 15 plants each (second experiment). The outgrowth percentage per node was calcu-
lated as the number of first-order branches from the rosette at the respective time points
divided by the number of nodes in the rosette at 33 DAS.
4.4 Discussion
While revisiting the branching phenotype of four max mutants under long-
day conditions, we confirmed the previously described bud outgrowth phe-
notypes (Booker et al., 2004, 2005; Sorefan et al., 2003; Stirnberg et al.,
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2002). All the max mutants studied here had a higher number of first-
order branches from the rosette compared to the wild type (Figure 4.2B).
In max2-1, max3-9 and max4-1, we observed an earlier appearance of first-
order branches from the rosette, before the flowering time (Figure 4.2B). As
found before (Grbic & Bleecker, 2000; Hempel & Feldman, 1994; Schmitz &
Theres, 1999), under long-day conditions Col-0 initiated new axillary buds
that grew out basipetally into branches only after flowering time. Stirnberg
et al. (2002) already discussed the possibility of acropetal axillary bud devel-
opment during vegetative growth in max1-1 and max2-1 grown in long-day
conditions, compared to basipetal bud development in wild type after flo-
ral transition. This conclusion was based on the assumption that in the
max1 and max2 mutants the first-order branches at the basal nodes must
have developed earlier (during vegetative development), as these branches
were slightly longer than those originating from nodes in the middle of
the rosette (Stirnberg et al., 2002). Bud formation in the vegetative phase
has also been observed in the brc mutants. Aguilar-Mart´ınez et al. (2007)
showed that BRANCHED1 (BRC1 ) is necessary for the inhibition of ax-
illary bud initiation in the vegetative phase, and that BRC1 expression is
strongly downregulated in the max mutants. This lower BRC1 expression
can explain the previously reported axillary bud formation in the vegetative
phase (Aguilar-Mart´ınez et al., 2007; Stirnberg et al., 2002). Earlier bud
formation in the max mutants can lead to bud outgrowth already before
the onset of flowering (Figure 4.2B) (Stirnberg et al., 2002) and indicates
the influence of the strigolactone pathway on bud formation.
We postulate that, in addition to the earlier bud formation, as reported
before, the max2-1, max3-9 and max4-1 mutants produce a higher final
number of nodes in the rosette due to a longer duration of phytomer pro-
duction (defined in Chapter 2, Figure 4.2A). The higher number of nodes
in the rosette has been described for the max4-1 mutant (Finlayson et al.,
2010) but not yet for max3-9. Stirnberg et al. (2002) observed an equal
number of vegetative leaves for max1-1 compared to the wild type under
long-day conditions, which agrees with our observations. In fully flowering
A. thaliana plants, there exists a strong correlation between the number of
rosette leaves and the number of buds and the number of branches (Fin-
layson et al., 2010). Furthermore, buds are formed in most leaf axils both
in the wild type and in the max2 and max4 mutants at full flowering (Fin-
layson et al., 2010). As a consequence, more leaves can result in more buds
leading to more branches and this could be an additional argument for the
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involvement of the strigolactone pathway in node formation.
The outgrowth percentage per node of nodes in the rosette was significantly
higher in all max mutants compared to the wild type (Figure 4.2C). This
higher outgrowth percentage per node is consistent with previous reports
for max1 and max2 (Stirnberg et al., 2002). Because the number of nodes
in the rosette in the max1-1 mutant is similar to that of the wild type, the
higher number of first-order branches from the rosette in the max1-1 mutant
can only be explained by more bud outgrowth (expressed here as a higher
outgrowth percentage per node). Similarly, the higher number of first-order
branches from the rosette in the max2-1, max3-9 and max4-1 mutants can
mainly be explained by a higher bud outgrowth. These mutants additionally
produce a higher number of nodes in the rosette, hence, strigolactones are
also involved in node formation. Our analysis of A. thaliana mutants did not
conclusively demonstrate that the production of more nodes indeed causes
more buds, as not all leaf axils contain a bud in this species. To prove this,
more detailed analyses are needed. In contrast, in red clover each leaf axil
contains a bud. Positional analysis of branching in red clover demonstrated
that more nodes per branch resulted in more buds and also in more branches
(Chapter 3).
4.5 Conclusion
We observed clear similarities between the phenotype of the red clover geno-
types and that of the max mutants of A. thaliana. In both cases, a higher
outgrowth percentage per node is combined with a higher number of nodes,
and a longer duration of phytomer production. Regarding these character-
istics, Crossway, with a high outgrowth percentage per node, a high number
of nodes and a long duration of phytomer production, resembles max2-1,
max3-9 and max4-1, while Diplomat resembles the wild type Col-0. The
similarities among the other four red clover genotypes and the A. thaliana
mutants are less clear. Furthermore, the higher percentage of nodes in the
basal zone growing out in Crossway compared to Diplomat (Figure 2.4)
phenotypically resembles the outgrowth of more basal branches observed in
the max mutants in A. thaliana than in Col-O (Stirnberg et al., 2002). Sim-
ilarly, in the ramosus mutants in pea, excess branches were observed in the
basal zone (Arumingtyas et al., 1992). Also differences in phyllochron and
lag time to bud outgrowth were recorded among the six red clover genotypes.
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However, these characteristics were not investigated in the A. thaliana max
mutants in this PhD thesis and no reports are present in literature on the
potential differences of these characteristics between wild type and max mu-
tants. Therefore, no comparisons can be made between red clover and A.
thaliana for these characteristics. All the above mentioned characteristics
are connected to the strigolactone pathway. Despite MAX1, MAX2, MAX3
and MAX4 are part of the same pathway, the max1-1 mutant behaved dif-
ferently from the max2-1, max3-9 and max4-1 mutants. Therefore, different
behaviour of the six red clover genotypes regarding duration of phytomer
production, total number of nodes and total outgrowth percentage per node
could possibly be attributed to differences in these genes. Therefore, the
strigolactone pathway is a good candidate to investigate the genetic basis of
branching differences among the red clover genotypes. This is the subject
of Chapters 5 and 6.
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5
Variation in expression levels
and allelic diversity of
branching genes
An adapted version of this chapter, in combination with chapter 6, will be
submitted to Plant Biology.
Chapter 5
5.1 Introduction
The consistency of branching patterns for six genotypes under different
growing and management conditions as demonstrated in Chapter 3 shows
that branching in red clover is genetically controlled, yet also sensitive to
environmental variation such as plant competition. This indicates that it
is possible to select genotypes with particular branching characteristics to
improve agronomic performance. The identification of these genotypes can
be based on phenotypic observations, or can integrate knowledge of the
underlying molecular processes, potentially increasing the efficiency of the
selection process (Jiang, 2013; Varshney et al., 2005). For the development
of molecular breeding and selection schemes that exploit branching charac-
teristics in red clover, insights into at least two aspects are required: the
biological processes underlying branching differences, and the identity and
role of genes involved in the regulation of these processes. For shoot branch-
ing, three biological processes are relevant: initiation of meristems and buds,
bud dormancy, and bud outgrowth (Wang & Li, 2008). In Chapter 3, we
have described how differential activity of node formation (including bud
dormancy; Figure 2.1) and bud outgrowth can lead to the typical, and con-
trasting, architecture of the six genotypes studied throughout this thesis. In
Chapter 4, we concluded that the strigolactone pathway not only influences
bud outgrowth, as previously reported, but also influences node formation.
Therefore, we want to establish whether differential activity of candidate
genes controlling the processes determining branching differences in red
clover can be correlated to those contrasting phenotypes. Here, we first
describe the available knowledge on the underlying genes, which have been
thoroughly characterized in plant species (see also Chapter 4), and then we
outline our strategy to investigate whether genetic variation in these genes is
correlated to the contrasting architectural phenotypes described in Chapter
3.
With regards to the genes controlling axillary meristem initiation, ex-
amples from Arabidopsis thaliana are: LATERAL SUPPRESSOR involved
in the establishment of axil identity; REVOLUTA (REV ) and PHABU-
LOSA necessary for the organisation of a lateral meristem; and SHOOT
MERISTEMLESS and CLAVATA needed for the formation of a lateral
bud (Barton, 2010; Schmitz & Theres, 2005; Wang & Li, 2008).
Genes involved in bud dormancy such as DORMANCY-ASSOCIATED
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PROTEIN1 (DRM1 ) have been characterised in pea (Pisum sativum).
Shimizu-Sato & Mori (2001) suggested that this gene plays a role in the
inhibition of bud outgrowth and differentiation, or in the maintenance of
the dormant stages in axillary buds. Nevertheless, recent findings suggest
that DRM1 is more likely linked to the non-growing status of tissues rather
than to dormancy per se and that DRM1 might be negatively regulated by
auxins (Rae et al., 2013). Despite the high degree of sequence conservation
of DRM1 across species, a low level of functional conservation has been
demonstrated (Rae et al., 2013).
Bud outgrowth is controlled by genes of the auxin, cytokinin and strigolac-
tone biosynthesis, signalling and response pathways, which strongly interact
with each other (Figure 1.3). Strigolactones or a derivative (Gomez-Roldan
et al., 2008; Umehara et al., 2008) repress the growth of buds and their
biosynthesis is upregulated by auxins. This upregulation is mediated by the
AUXIN RESISTANT1 (AXR1 ) gene (Crawford et al., 2010; Domagalska &
Leyser, 2011; Hayward et al., 2009; Leyser, 2009). However, strigolactones
can also promote shoot branching, depending on the auxin transport status
of the plants (Shinohara et al., 2013). The genes responsible for strigolac-
tone synthesis are the MORE AXILLARY GROWTH genes MAX3, MAX4
and MAX1 and the DWARF27 (D27 ) gene (Booker et al., 2004, 2005; Sore-
fan et al., 2003). The MAX2 and D14 genes are involved in the perception
of, or the response to, strigolactones (Ongaro & Leyser, 2008; Stirnberg
et al., 2002; Waters et al., 2012). Apically derived auxins inhibit the ex-
pression of ISOPENTENYL TRANSFERASE genes required for cytokinin
biosynthesis in the stem (Hayward et al., 2009). This inhibition requires
the AXR1 gene (Hayward et al., 2009). BRANCHED1 (BRC1 ) is ex-
pressed and functions in the axillary bud, where it integrates the signals of
the strigolactone and cytokinin pathways to control bud outgrowth (Braun
et al., 2012; Gonza´lez-Grand´ıo et al., 2013).
Functional orthologs of the above-described genes are currently unknown in
red clover, and nothing is known about the relationship between molecular
polymorphisms in these genes and their effect on branching in this species.
However, functional conservation of these genes across the plant kingdom
has been demonstrated by an extensive body of evidence; both for the genes
involved in the initiation of axillary meristems in A. thaliana, rice (Oryza
sativa) and tomato (Solanum lycopersicum) (Bennett & Leyser, 2006); and
for the genes involved in bud outgrowth in A. thaliana, pea, petunia (Petu-
nia hybrida), rice and tomato (Drummond et al., 2012; Ishikawa et al., 2005;
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Johnson et al., 2006; Snowden et al., 2005; Sorefan et al., 2003; Vogel et al.,
2010). Therefore, the orthologs of genes known to be involved in axillary
meristem initiation, bud dormancy and bud outgrowth in other species will
most likely also play a role in these processes in red clover. As indicated
above, the function of DRM1 is not yet completely elucidated, but it con-
stitutes a good candidate gene for bud dormancy also in red clover.
The purpose of this work was (i) to identify candidate genes involved in the
biological processes related to branching in red clover based on orthology
to candidate genes from model species, and (ii) to study if differences at
the level of gene expression and/or DNA-sequence polymorphisms could be
linked to the phenotypic differences observed in six genotypes with contrast-
ing architecture. In red clover, node formation and bud outgrowth are the
main determinants of the differences in plant architecture of the six studied
genotypes (Chapters 2 and 3). As described in Chapter 3, in all genotypes
every node bears at least one bud, although we have also observed differ-
ences in the formation of accessory buds among the six genotypes. Because
all genotypes form at least one bud per node, we assume that the genes
involved in axillary meristem initiation do not play a key role to explain the
observed genotype-to-genotype branching differences in red clover. There-
fore, our analysis focused primarily on genes involved in bud outgrowth
and bud dormancy, but also included one gene related to axillary meristem
initiation (REV ).
First, red clover orthologs needed to be identified. Orthologous genes in
closely related species are derived from a common ancestral gene and,
depending on the degree of sequence conservation, may maintain similar
molecular and physiological functions after the speciation event (Koonin,
2005; Sonnhammer & Koonin, 2002). Sequence conservation may occur at
the promoter sequence level, leading to conservation of expression patterns,
or at the protein coding level, leading to conservation of the molecular func-
tion and activity (Keurentjes et al., 2008). We therefore performed analyses
at these two levels (expression levels in a panel of tissues, and phylogenetic
analysis of protein sequences) to identify red clover orthologs for the 13
A. thaliana branching genes summarised in Figure 1.3 and Table 5.1. In
a second step, we investigated the expression of the identified red clover
orthologs in different tissues and during early stages of node detachment-
induced bud outgrowth, and the presence of DNA-sequence polymorphisms
in exonic and intronic gene sequences in six genotypes. Because we did not
clone and sequence the regulatory elements (promoter regions) themselves,
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expression analysis was used to compare the regulatory element activity of
these genes in the six genotypes, as an indirect means to study the func-
tional conservation of the promoter sequence or the regulating genes. Po-
tential consequences of the identified DNA-polymorphisms for the protein
function, stability and/or activity are discussed.
5.2 Materials and methods
5.2.1 Plant material
The six genotypes described in Chapter 3 (Lemmon, Crossway, Diplomat,
Rubitas, Hp and No.16) were used for the experiments presented here.
These genotypes were propagated by cuttings (ramets) to generate geneti-
cally identical plants that were kept in a growth chamber (19 ◦C, 16 h light,
80µmol/m2.s, cool white).
To study global gene expression patterns, samples were taken from a panel
of tissues: total roots (root), lowest two internodes (internode), lowest two
to three nodes containing one non-outgrowing bud (node), young leaves
(leaf) and completely green flower heads (flower). Three biological replicates
(corresponding to three plants) were analysed. As illustrated in Figure A.1,
the lowest two to three nodes on the first-order branches of the red clover
genotypes used in this study do not grow out before flowering, and is thus
appropriate material for this assay.
To study the gene expression during bud outgrowth, nodal segments con-
taining one non-outgrowing bud were detached from the basal section of
first-order branches of non-flowering plants. The nodal segments were ei-
ther immediately frozen in liquid nitrogen (0 h) or placed on medium (water
solidified with 0.7 % plant tissue culture agar MC29) and harvested after
2, 4, 6 or 24 h. Three biological replicates (corresponding to three groups
of plants) per genotype and per time point were analysed. Each sample
consisted of six to eight nodal segments.
79
Chapter 5
T
a
b
le
5
.1
:
O
rt
h
o
lo
g
o
u
s
b
ra
n
ch
in
g
g
en
es
in
le
g
u
m
es
.
G
iv
en
a
re
th
e
g
en
e
co
d
es
o
r
lo
cu
s
n
a
m
es
a
n
d
th
ei
r
fu
n
ct
io
n
in
th
e
co
n
tr
o
l
o
f
sh
o
o
t
b
ra
n
ch
in
g
.
T
h
e
o
rt
h
o
lo
g
y
is
a
cc
o
rd
in
g
to
P
L
A
Z
A
2
.5
.
A
ra
b
id
o
p
si
s
th
a
li
a
n
a
M
ed
ic
a
g
o
tr
u
n
ca
tu
la
P
is
u
m
sa
ti
v
u
m
L
o
tu
s
ja
p
o
n
ic
u
s
G
ly
c
in
e
m
a
x
F
u
n
c
ti
o
n
R
E
V
A
t5
G
6
0
6
9
0
M
t2
G
0
9
4
5
2
0
L
j3
G
0
1
0
7
7
0
G
m
1
1
G
2
0
5
2
0
O
rg
a
n
is
a
ti
o
n
o
f
a
la
te
ra
l
m
e
ri
st
e
m
G
m
1
2
G
0
8
0
8
0
D
R
M
1
A
t1
G
2
8
3
3
0
M
t2
G
0
1
4
2
4
0
P
s-
A
F
0
2
9
2
4
2
L
j6
G
0
1
7
3
2
0
G
m
1
3
G
3
1
0
6
0
B
u
d
d
o
rm
a
n
c
y
G
m
1
5
G
0
8
3
0
0
P
IN
1
A
t1
G
7
3
5
9
0
M
t6
G
0
6
9
5
1
0
L
j4
G
0
3
7
1
1
0
G
m
0
7
G
1
1
5
5
0
T
ra
n
sp
o
rt
o
f
a
u
x
in
s
G
m
0
9
G
3
0
7
0
0
A
X
R
1
A
t1
G
0
5
1
8
0
M
t4
G
0
4
8
2
2
0
G
m
1
2
G
1
0
5
4
0
R
e
sp
o
n
se
to
a
u
x
in
s
G
m
0
6
G
4
6
2
1
0
T
IR
1
A
t3
G
6
2
9
8
0
M
t7
G
0
8
3
6
1
0
L
j0
G
2
6
1
1
6
0
G
m
1
0
G
0
2
6
3
0
A
u
x
in
re
c
e
p
to
r
G
m
0
2
G
1
7
1
7
0
G
m
0
3
G
3
6
7
7
0
G
m
1
9
G
3
9
4
2
0
C
R
E
1
A
t2
G
0
1
8
3
0
M
t8
G
1
0
6
1
5
0
L
j2
G
0
0
2
3
4
0
G
m
0
2
G
0
9
5
5
0
R
e
sp
o
n
se
to
c
y
to
k
in
in
s
G
m
0
7
G
2
7
5
4
0
D
2
7
A
t1
G
0
3
0
5
5
L
j1
G
0
4
7
1
8
0
G
m
0
2
G
1
6
1
7
0
S
tr
ig
o
la
c
to
n
e
b
io
sy
n
th
e
si
s
M
A
X
3
A
t2
G
4
4
9
9
0
M
t7
G
0
4
5
3
7
0
P
s-
D
Q
4
0
3
1
6
0
G
m
0
1
G
1
4
1
7
0
S
tr
ig
o
la
c
to
n
e
b
io
sy
n
th
e
si
s
G
m
1
1
G
1
6
3
7
0
M
A
X
4
A
t4
G
3
2
8
1
0
M
t3
G
1
0
9
6
1
0
P
s-
A
Y
5
5
7
3
4
2
L
j0
G
0
0
8
7
1
0
G
m
0
6
G
0
9
0
0
0
S
tr
ig
o
la
c
to
n
e
b
io
sy
n
th
e
si
s
G
m
0
4
G
0
8
9
1
0
M
A
X
1
A
t2
G
2
6
1
7
0
M
t1
G
0
1
5
8
6
0
L
j0
G
1
5
0
4
3
0
G
m
0
4
G
0
5
5
1
0
S
tr
ig
o
la
c
to
n
e
b
io
sy
n
th
e
si
s
M
t3
G
1
0
4
5
6
0
L
j1
G
0
1
9
2
1
0
G
m
0
6
G
0
5
5
2
0
G
m
1
7
G
3
4
5
3
0
G
m
1
4
G
1
1
0
4
0
D
1
4
A
t3
G
0
3
9
9
0
M
t1
G
0
1
8
3
2
0
G
m
1
7
G
3
5
3
6
0
S
tr
ig
o
la
c
to
n
e
si
g
n
a
ll
in
g
o
r
h
y
d
ro
ly
si
s
o
f
G
m
0
0
G
0
0
4
9
5
st
ri
g
o
la
c
to
n
e
s
to
a
n
a
c
ti
v
e
c
o
m
p
o
u
n
d
M
A
X
2
A
t2
G
4
2
6
2
0
M
t4
G
0
8
0
0
2
0
P
s-
D
Q
4
0
3
1
5
9
G
m
1
2
G
1
5
3
6
0
S
tr
ig
o
la
c
to
n
e
si
g
n
a
ll
in
g
G
m
0
6
G
4
3
0
0
0
B
R
C
1
A
t3
G
1
8
5
5
0
P
s-
J
F
2
7
4
2
3
2
G
m
1
7
G
1
3
0
6
0
C
o
n
tr
o
l
o
f
b
u
d
o
u
tg
ro
w
th
G
m
0
5
G
0
7
9
3
0
80
Variation in expression levels and allelic diversity
5.2.2 Identification of orthologous branching genes in
red clover
Orthologs of the branching genes AtREV, AtDRM1, AtPIN1, AtAXR1, At-
TIR1, AtCRE1, AtD27, AtMAX3, AtMAX4, AtMAX1, AtD14, AtMAX2
and AtBRC1 were identified using PLAZA2.5 (Van Bel et al., 2012) in
the legumes Medicago truncatula, Lotus japonicus and Glycine max (soy-
bean). PLAZA2.5 integrates the structural and functional annotation of
25 species, for which homologous and orthologous gene families are iden-
tified. Some additional sequences of Pisum sativum were obtained using
NCBI Blast (Altschul et al., 1990). Gene codes for the various plant species
are given in Table 5.1. The protein sequences of the identified orthologs
were used to develop degenerate primers in CODEHOP (Rose et al., 1998)
and to PCR amplify the corresponding red clover genes. PCR products
were cloned and Sanger sequenced as described below. In this way, ge-
nomic sequences of the following genes were obtained: TpDRM1, TpPIN1,
TpAXR1, TpD27, TpMAX3, TpMAX4, TpMAX1-1, TpD14, TpMAX2 and
TpBRC1. Successful primers and their positions are given in Table B.1 and
Figure B.1. At a later stage, red clover RNA-seq transcriptome data were
kindly provided by IBERS (United Kingdom) (Yates et al., 2014, submit-
ted) and KDRI (Japan). On these datasets, a de novo assembly was per-
formed with CLC Genomics Workbench 4.7.2, resulting in 320k (IBERS)
and 78k (KDRI) contigs. Subsequently, an Orthology Guided Assembly
procedure was performed from step 1 to 8 as described by Ruttink et al.
(2013), using the M. truncatula proteome as reference (Mt3.5), and contigs
were assigned to homology families according to PLAZA2.5. These anno-
tated sequences were used to identify the exonic gene sequences of TpREV,
TpTIR1, TpCRE1 and TpMAX1-2, and also provided additional sequences
of the already Sanger sequenced genes. Phylogenetic trees were constructed
(CLC Genomics Workbench 6.5.1) using the protein sequences of genes from
the homologous gene family and the orthologous gene subfamily from A.
thaliana, M. truncatula, L. japonicus, G. max and/or P. sativum, according
to PLAZA2.5, together with the reconstructed red clover genes to confirm
their orthology.
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5.2.3 DNA isolation and PCR amplification
Young partly unfolded leaves were used for genomic DNA extraction. Red
clover DNA was extracted with ’Genomic DNA from Plant’ NucleoSpin
(Macherey-Nagel) according to the manufacturer’s instructions. Because
PCR reactions carried out with intact red clover genomic DNA were un-
successful, we digested the DNA prior to PCR amplification using EcoRV.
For this reaction, 3µL EcoRV and 4µL 10x buffer Tango (Fermentas) were
added to 25µL (300 ng) DNA, and was heated for 2 h at 37 ◦C and for
10 min at 65 ◦C. Each PCR reaction contained 2µL 10x PCR Gold buffer,
0.5µL Taq Gold (Applied Biosystems), 0.2 mM dNTPs, 1µL of each primer
(50 ng/µL), 625µM MgCl2 and 2.7µL EcoRV-digested DNA, in a total vol-
ume of 20µL. The primers used for sequencing of each gene and their posi-
tions are given in Table B.1 and Figure B.1. The following touch-down PCR
program was used: 95 ◦C for 5 min; 10 cycles of 94 ◦C for 30 s, a decrease of
temperature with 0.5 ◦C/cycle starting at 57 ◦C (depending on the primer)
for 1 min and 72 ◦C for 2 min; 25 cycles of 94 ◦C for 30 s, 52 ◦C for 1 min
and 72 ◦C for 2 min; the reaction was ended at 72 ◦C for 10 min.
5.2.4 Gene cloning
To identify individual alleles, 2µL PCR product was cloned into pCR 2.1-
TOPO vector (TOPO TA Cloning kit Invitrogen) according to the manu-
facturer’s instructions. LB medium was prepared containing 12.5 g Luria
Broth High Salt (Duchefa Biochemie), 6 g Bacto Agar (Becton Dickinsom
Benelux), and 250µL 50 mg/mL kanamycine in a final volume of 500 mL,
pH 7. One Shot Top10F’ Chemically competent cells were heat shock trans-
formed and plated on LB-agar medium containing 40µL 100 mM IPTG and
40µL 40 mg/mL X-Gal and grown overnight at 37 ◦C. Colony PCR was used
to identify colonies containing cloned fragments using the following PCR
conditions: 5µL 10x PCR buffer (Applied Biosystems), 0.2 mM dNTPs,
0.2µM of each M13 primer and 0.25µL Taq polymerase (Applied Biosys-
tems) in a final volume of 50µL. The following PCR program was used:
94 ◦C for 2 min; 35 cycles of 94 ◦C for 1 min, 55 ◦C for 1 min and 72 ◦C for
90 s; 72 ◦C for 10 min. The size of the cloned fragments was analysed by
1.5 % agarose gel electrophoresis.
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5.2.5 Gene sequencing
15µL of colony-PCR products were purified with 0.1µL ExoI and 5µL
Shrimp Alkaline Phosphatase (Fermentas). The samples were incubated at
37 ◦C for 60 min, and subsequently to 75 ◦C for 15 min to terminate enzyme
activity. Two separate Sanger sequencing reactions were performed, one for
each primer: 2µL 5x Sequencing buffer (Applied biosystems), 0.16µM M13
forward or M13 reverse primer and 4µL BigDye v1.1 (Applied Biosystems)
was added to 2µL purified PCR product in a final volume of 20µL. The
following PCR amplification program was used: 96 ◦C for 1 min; 25 cycles of
96 ◦C for 10 s, 50 ◦C for 5 s and 60 ◦C for 4 min. Finally, the products were
purified and precipitated. To 20µL PCR product, 1µL 250 mM EDTA, 2µL
3 M NaOAc pH 4.6 and 50µL 96 % EtOH was added. These samples were
incubated in the dark for 15 min at room temperature. The samples were
centrifuged for 30 min at 3000 rcf, and the supernatans was removed. The
plate (upside down) was centrifuged for 1 min at 700 rcf. 150µL 70 % EtOH
was added to the samples and thoroughly mixed, and centrifuged again for
10 min at 2000 rcf. The supernatans was removed, and the plate (upside
down) was centrifuged for 1 min at 700 rcf to remove the last supernatans.
The precipitated DNA was again dissolved in 15µL HiDi-formamide, vor-
texed for 4 min and heated to 90 ◦C for 4 min. Sequences were determined
with a Genetic Analyser 3100 xl (Applied Biosystems).
5.2.6 Allele identification
Alleles of the branching genes TpD27, TpMAX4, TpMAX1-1, TpMAX1-2,
TpMAX2 and TpBRC1 were identified in six red clover genotypes. For
these genotypes, DNA was extracted from young leaves and PCR amplified
as described above. The primers used for allele identification and their po-
sitions are given in Table B.1 and Figure B.1. The PCR fragments were
cloned into a TOPO-TA cloning vector as described in 5.2.4 and colony-
PCR products of four independent bacterial colonies, per genotype, per
fragment, and per gene, were each sequenced in both directions. The re-
sulting sequences were aligned, a consensus sequence covering all genotypes
was built (by majority vote at polymorphic sites) and polymorphisms rel-
ative to this consensus sequence were identified using the CLC Genomics
Workbench 6.5.1.
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5.2.7 Gene expression analysis
Transcript levels of 13 branching genes were determined for different tissues
of six red clover genotypes. Total RNA was extracted using the RNeasy Mini
extraction kit (Qiagen) according to manufacturer’s instructions. A DNase
treatment was performed using the DNA-free kit of Ambion, followed by a
LiCl2 precipitation. Total RNA concentration and purity were determined
using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies,
Inc.). The samples were diluted to 200 ng/µL. cDNA was prepared us-
ing the iScript cDNA Synthesis kit (Biorad) according to manufacturer’s
instructions starting from 5µL RNA in a final volume of 20µL. Reverse
transcription quantitative real-time PCR (RT-qPCR) was performed on a
LightCycler 480 Real-time PCR system (Roche). Each reaction contained
2µL 5-fold diluted cDNA template, 0.375µL of each primer (10µM) and
5µL 2x SensiFAST SYBR No-ROX mix (Bioline), in a final volume of 10µL.
All reactions were carried out in duplicate for each cDNA sample. The
RT-qPCR primers and their positions are given in Table B.1 and Figure
B.1. The thermal profile of the reaction was 95 ◦C for 10 min, followed
by 45 cycles of 95 ◦C for 10 s, 60 ◦C for 10 s, and 72 ◦C for 10 s. Finally,
a melting curve analysis (65 ◦C to 95 ◦C) was used to check the purity of
the RT-qPCR amplification products and primer specificity. The ampli-
fication efficiency per reaction was determined using LinRegPCR (Ruijter
et al., 2009) and averaged per gene. Relative expression was determined us-
ing qBase PLUS (Biogazelle). The expression data were normalized using
TpEF1A, TpUBC2, TpSAND, TpCAC and TpUBQ5 as reference genes.
The data were analysed using ANOVA with post-hoc tests Tukey HSD or
Games-Howell as implemented in the software package SPSS (IBM).
5.3 Results
5.3.1 Identification of orthologs of branching genes in
red clover
We selected 13 A. thaliana genes known to be involved in the control
of branching (Figure 1.3) together with their corresponding orthologs in
legume species as reference for the identification of orthologs in red clover.
Because the red clover genome sequence is not yet available, we used sev-
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eral sources of sequence data to reconstruct gene, transcript and protein
sequences. A first source were the 26 356 expressed sequence tag (EST)
sequences corresponding to 9 339 non-redundant sequences of the red clover
EST database (Sato et al., 2006). A Blast similarity search with the M.
truncatula gene sequences in this database resulted in the complete exonic
gene sequences of TpDRM1 (BB925901), and part of the exonic gene se-
quences of TpD14 (BB928130) and TpMAX1-1 (BB920772). Second, we
designed degenerate primers based on conserved protein sequences of closely
related legumes. Partially overlapping fragments were PCR-amplified from
genomic DNA, cloned and Sanger sequenced. Third, two elaborate RNA-seq
transcriptome datasets provided by IBERS (Yates et al., 2014, submitted)
and KDRI yielded additional transcript sequences. To (i) structurally anno-
tate the genes, (ii) identify the correct mRNA splicing sites, and (iii) identify
and translate the protein coding sequence, we used two types of data. First,
where possible, alignments of EST or RNA-seq data to genomic sequences
of red clover were used to delineate the mRNA transcript sequence. In addi-
tion, translated protein sequences were used to identify the correct reading
frame and translational start and stop sites. Second, because a compari-
son of gene structures of the M. truncatula, L. japonicus and P. sativum
genes indicated strong conservation of intron-exon borders, we used these
features to fill in missing parts of the red clover genes. An overview of the
reconstructed sequences for the 14 red clover branching genes, based on a
combination of genomic DNA Sanger sequencing data, EST data and RNA-
seq transcriptome data, is given in Figure 5.1. For 12 genes, the distribution
of introns and exons in red clover transcripts is, at least partly, based on
or confirmed by that of M. truncatula, the most closely related species to
red clover among the sequenced legumes (Choi et al., 2004). For TpD27
and TpBRC1, the gene structures are partly based on that of L. japonicus
and pea, respectively, because no M. truncatula ortholog could be identified
for these genes. For the non-characterised regions in red clover genes, we
assumed these to have the same length as the corresponding regions in M.
truncatula, L. japonicus or pea. In summary, we obtained between 17 %
(TpMAX1-2 ) and 100 % (TpMAX2 ) of the predicted genomic sequence,
and between 57 % (TpREV ) and 100 % (TpDRM1, TpTIR1, TpD14 and
TpMAX2 ) of the predicted exonic gene sequence in red clover compared to
M. truncatula, L. japonicus or pea (Figure 5.1).
To investigate the orthologous relationships of the identified red clover genes
to their respective A. thaliana and M. truncatula orthologs, we combined
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Figure 5.1: Summary of red clover sequences of various branching genes. The gene
structure is given according to the corresponding genes in M. truncatula, L. japonicus or
P. sativum; the rectangles indicate exons; the lines indicate introns. The length of the
obtained red clover sequences are given in number of base pairs. Red clover sequence was
obtained either via sanger sequencing (black), or from a transcriptome dataset provided
by IBERS and KDRI (dark grey). The non-identified regions are indicated in light grey.
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two independent approaches. In a first approach, we determined the simi-
larity at the protein level by protein alignments and phylogenetic analyses
(Figure B.2) using protein sequences of the homologous gene family and
the orthologous gene subfamily as defined in PLAZA2.5 (Van Bel et al.,
2012). The gene codes and functions of the orthologous genes used in the
phylogenetic trees are given in Table 5.1. In general, the expected phyloge-
netic relationships were found: red clover proteins were most closely related
to M. truncatula, followed by P. sativum, L. japonicus and G. max (Choi
et al., 2004) (Figure B.2). Also, for each A. thaliana gene, one pea, M.
truncatula and L. japonicus ortholog was found. For these genes, typically
two corresponding orthologs were found in soybean, which was expected
given the duplication of large portions of the genome in this species (Blanc
& Wolfe, 2004; Shoemaker et al., 1996). Second, we compared the conserva-
tion of activity of regulatory elements, such as promoter or regulating genes,
of these potential orthologous groups in A. thaliana, M. truncatula and red
clover. Because we did not clone these regulatory sequences of the red clover
genes, we used an indirect approach to assess conservation of regulatory el-
ement activity by comparing gene expression patterns in a panel of tissues
in red clover, A. thaliana and M. truncatula (Figure 5.2). The expression
patterns in A. thaliana and M. truncatula were retrieved from publicly avail-
able transcript expression compendia based on micro-array data (He et al.,
2009; Hruz et al., 2008). Such a database does not exist for red clover, and
therefore we performed RT-qPCR on a panel of corresponding red clover
tissues of six genotypes. As a consequence of the different expression pro-
filing platforms, and the potential ambiguity in the comparison of organs
or tissue composition across species with different global plant morphology,
the comparison between the three species can only be made on a qualitative
level. In some cases, inter-genotype differences were found in red clover, but
for the inter-species comparison, only gene expression levels in the genotype
Lemmon were considered.
Identification of orthologous genes in relatively large gene families
When gene families were relatively large, phylogenetic trees were constructed
using the protein sequences of genes from the homologous gene family and
the orthologous gene subfamily. In the phylogenetic trees of REV, PIN1,
TIR1, CRE1, D27, MAX3, MAX4, D14 and BRC1, orthologs of A. thaliana
and the legume species clustered in the same branch, while sequences be-
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Figure 5.2: Relative expression levels of orthologous branching genes in red clover,
Arabidopsis thaliana, Medicago truncatula and tomato. For red clover, gene expression
levels of the genotype Lemmon are given. Gene expression levels in A. thaliana are
obtained with GeneVestigator (Hruz et al., 2008), except for AtMAX4 and AtBRC1
which are adapted from Mashiguchi et al. (2009). Gene expression levels in M. truncatula
are obtained with GeneAtlas V3 (He et al., 2009) and are given for the most corresponding
probeset based on sequence similarity. Expression levels of SlBRC1 are adapted from
Mart´ın-Trillo et al. (2011). R - root, IN - internode, S - stem, N - node, B - vegetative
bud, L - leaf, F - flower.
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longing to the wider homologous gene family clustered separately. For these
genes, the corresponding orthologous red clover gene was easily identified in
a one-to-one pair with an A. thaliana and/or a M. truncatula gene (Figure
B.2). Because MAX3 and MAX4 are both carotenoid cleavage dioxygenases
(Waters et al., 2012), one phylogenetic tree was built including both pro-
teins (Figure B.2H). Two clear clusters were reconstructed, each containing
one of the red clover proteins and the corresponding orthologous MAX3 and
MAX4 protein sequences from A. thaliana and M. truncatula.
The expression pattern of the red clover orthologs of REV, PIN1, TIR1,
CRE1, D27, MAX4, D14 and BRC1 corresponded quite well with their
respective expression patterns in A. thaliana and/or M. truncatula (Figure
5.2). Expression analyses were not performed for TpMAX3, since we were
unable to design RT-qPCR primers that amplified one unique sequence.
This was probably because the sequenced part of this gene had high simi-
larity with other family members. Minor differences in expression pattern
were observed for TpREV, TpCRE1 and TpBRC1. TpREV was mainly
expressed in internodes and nodes, which is similar to what has been found
in M. truncatula, except for the low expression levels in red clover flower
tissues. A possible explanation is the analysis of complete flower heads in
red clover compared to only flowers in M. truncatula, or variations in the
developmental stage of the flowers. TpCRE1 was mainly expressed in roots,
internodes and nodes. This was comparable with the expression pattern in
A. thaliana and M. truncatula, except for the low expression levels reported
for M. truncatula buds. The difference between red clover and M. trun-
catula could be due to the fact that we analysed complete nodes, and not
(only) buds, or due to differences in the developmental stage of the analysed
buds between the two species. TpBRC1 was highly expressed in internodes
and nodes. This was not comparable with the situation in A. thaliana, and
expression data in M. truncatula were missing in GeneAtlas V3. There-
fore, the expression pattern was also compared with tomato (Figure 5.2),
to which it showed a high correspondence.
We can thus conclude that for the A. thaliana genes REV, PIN1, TIR1,
CRE1, D27, MAX4, D14 and BRC1, one red clover ortholog could be iden-
tified.
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Identification of orthologous genes in relatively small gene families
The remaining genes, DRM1, AXR1, MAX1 and MAX2, belonged to small
gene families. Constructing a phylogenetic tree with a limited number of
sequences could force certain sequences to cluster together, even when they
are not orthologous. Therefore, additional sequences were added to the
phylogenetic tree, either from other species, or from other families with
similar protein domains, to introduce more variation and to cluster the
orthologous sequences more accurately together. In the case of DRM1,
homologous sequences of non-leguminous species were incorporated in the
phylogenetic tree (Figure B.2B). For AXR1, members of families which
share the UBA/THIF-type NAD/FAD binding fold domain of AXR1 were
added (Figure B.2D). In the case of MAX1, proteins which share the cy-
tochrome P450, E-class, group I domain were included (Figure B.2I), while
for MAX2, additional LRR F-box proteins were included in the phylogenetic
tree (Figure B.2K).
For DRM1, AXR1 and MAX2, the corresponding ortholog in red clover
could be identified in a one-to-one pair with an A. thaliana and/or a M.
truncatula protein (Figure B.2). In A. thaliana, DRM1 expression was the
highest in roots and leaves, while in M. truncatula, the highest expression
has been reported for roots and internodes (Figure 5.2). For red clover,
TpDRM1 was mainly expressed in internodes, with lower and comparable
levels in roots and nodes. This pattern was similar to that in M. truncat-
ula, except for the lower expression in M. truncatula buds. Expression of
TpAXR1 and TpMAX2 corresponded quite well with what has been re-
ported in M. truncatula (Figure 5.2). Expression levels of both genes were
comparable in all five red clover tissues.
While in A. thaliana only one MAX1 gene has been identified, in the phy-
logenetic tree, two M. truncatula, two L. japonicus and four soybean or-
thologs clustered in the same branch. Two red clover sequences clustered
also in this branch, each with a different M. truncatula paralog: TpMAX1-
1 and Mt1G015860; TpMAX1-2 and Mt3G104560. Therefore, TpMAX1-1
and TpMAX1-2 probably represent duplicated genes, and their expression
was analysed separately by RT-qPCR. TpMAX1-1 was highly expressed in
roots, and moderately in flowers, which corresponded quite well with the
expression pattern in M. truncatula (Mt1G015860: probeset Mtr.42782.1.S1
at), except for the high expression in leaves and relatively low expression in
roots (Figure 5.2). TpMAX1-2 was highly expressed in roots. This corre-
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sponded with that in M. truncatula (Mt3G104560: probeset Mtr.12616.1.S1
at), except for the expression in flowers (Figure 5.2).
We can thus conclude that for the A. thaliana genes DRM1, AXR1 and
MAX2, one red clover ortholog could be identified. For the A. thaliana gene
MAX1, two red clover orthologs were identified: TpMAX1-1 and TpMAX1-
2.
5.3.2 General patterns of expression of 13 branching
genes during early stages of bud outgrowth
To study the role of the 13 red clover branching genes during the early
stages of bud outgrowth, their expression was analysed in nodal segments
at 0, 2, 4, 6 and 24 h after detachment from the plant. The relative expres-
sion levels were compared among the six genotypes. Initially, RT-qPCR
experiments were performed for 0, 4 and 24 h to get an indication of short-
term and longer-term changes. In a later step, we tried to determine how
fast the changes observed at 4 h took place and how long these lasted by
analysing additionally the gene expression levels at 2 and 6 h in a second
set of RT-qPCR experiments. However, the inter-run calibration resulted in
normalisation factors for the time points 2 and 6 h which were much higher
than those for 0, 4 and 24 h, making a combination of the two data sets
impossible. Therefore, only the results for the time points 0, 4 and 24 h are
shown (Figure 5.3, Table B.2).
In general, three main patterns of gene expression were observed during the
early stages of induced bud outgrowth:
I. At 4 h after node detachment, the expression levels of TpREV, Tp-
PIN1, TpAXR1, TpTIR1 and TpCRE1 decreased to one-ninth of the
level at 0 h. At 24 h, expression levels remained low for these genes,
with the exception of TpAXR1 and TpCRE1 for which a two-fold in-
crease in expression was observed in some genotypes as compared to
4 h.
II. For TpMAX1-1, TpMAX1-2, TpD14 and TpBRC1, expression levels
at 4 h were up to four-fold higher than at 0 h. The expression at 24 h
of TpMAX1-1 and TpBRC1 was lower than at 0 h. At 24 h, the ex-
pression of TpMAX1-2 and TpD14 remained more or less constant in
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most genotypes, but in No.16 (TpMAX1-2 ) and in Lemmon (TpD14 )
it decreased further.
III. For TpDRM1, TpD27, TpMAX4 and TpMAX2, little changes were
observed over time in most genotypes, with the exception of TpD27
in No.16, TpMAX4 in No.16 and TpMAX2 in Crossway.
5.3.3 Inter-genotypic variation in gene expression
levels
Variation in regulatory elements in one of the 13 red clover branching genes
described in the previous sections could result in differential activity. There
are no promoter sequences or sequences of regulating genes of these genes
available. Sequence variation in the regulatory elements of the branching
genes was studied indirectly by analysing gene expression in detached nodal
segments in the first 24 h (’nodes experiment’) and in a panel of tissues
(’tissues experiment’). The results are summarised in Figures 5.3 and 5.4
and Tables B.2 and B.3. Analysing gene expression in the nodes experiment
provides us information on the inter-genotypic differences in gene expres-
sion specifically related to bud outgrowth. Analysing gene expression in
the tissues experiment provides information on the potential influence of
genes on the inter-genotypic differences related to the total plant branching
phenotype.
The differential expression levels in leaves and flowers of the tissues experi-
ment are less likely to be linked to branching and might relate to variations
for other phenotypic characteristics, and will thus not be discussed here.
Differential expression in roots, internodes and nodes is expected to be
more relevant for branching. Roots are the predominant site of strigolac-
tone biosynthesis (Domagalska & Leyser, 2011); internodes are important
for the transport of hormones (Crawford et al., 2010; Prusinkiewicz et al.,
2009); and the local action of genes in the nodes can result in bud outgrowth
or inhibition (Aguilar-Mart´ınez et al., 2007; Braun et al., 2012; Dun et al.,
2012). We will also focus on the genotypes Lemmon, Crossway, Diplomat
and Rubitas, since Hp and No.16 have aberrant phenotypic characteristics
which are more difficult to compare to the phenotypic differences among
the four other genotypes. Additionally, none of the differences in expression
levels for Hp and No.16 could be related to either the elongating main axis,
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or the presence of accessory branches. In the following paragraphs, only sta-
tistically significant gene expression differences (P < 0.05) among Lemmon,
Crossway, Diplomat and Rubitas at any time point in the nodes experiment
(Figure 5.3) or in roots, nodes and internodes (tissues experiment) (Figure
5.4) will be discussed.
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Figure 5.3: Expression levels of various branching genes relative to TpEF1A, TpSAND,
TpUBC2, TpCAC and TpUBQ5 at different time points after detachment of nodal seg-
ments. Figures are mean ± SE for three biological replicates of three time points (0 h,
4 h, 24 h) of six red clover genotypes. Significance groups are given in Table B.2.
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Figure 5.4: Expression levels of various branching genes relative to TpEF1A, TpSAND,
TpUBC2, TpCAC and TpUBQ5 in red clover tissues. Figures are mean ± SE for three
biological replicates of three tissues (root, internode, node) of six red clover genotypes.
Lines with a star indicate the statistically significant differences within one tissue (P <
0.05, Tukey HSD or Games-Howell). The complete list of significance groups is given in
Table B.3.
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Genes for which no differential expression was detected
For TpREV, TpDRM1, TpPIN1, TpCRE1, TpMAX4, TpMAX1-1, TpD14
and TpMAX2, no significant inter-genotype differences were detected in any
of the experiments. This indicates that differential regulation of these genes
is probably not involved in creating the branching differences between the
four genotypes, at least not at the transcriptional level.
Genes for which differential expression was detected in both
experiments
In the roots, TpAXR1 was less expressed in Lemmon than in Crossway.
This could result in a lower sensitivity to auxins in Lemmon, leading to
less inhibition of cytokinin biosynthesis (Hayward et al., 2009), and thus
stimulation of bud outgrowth. In addition, a lower TpAXR1 expression
can also result in a lower upregulation of TpMAX3 and TpMAX4 (Figure
1.3). Although not significantly different, TpMAX4 expression levels in the
roots were indeed lower in Lemmon than in Crossway. This might lead to
a lower biosynthesis of strigolactones (Hayward et al., 2009), and thus to
less inhibition or promotion of bud outgrowth. Lemmon is less branched
than Crossway (Figure 3.2 - total number of branches). Thus, the lower
expression of TpAXR1 in the roots of Lemmon than in those of Crossway
might relate to the lower number of branches in Lemmon if auxin transport
levels were lower in Crossway than in Lemmon (Shinohara et al., 2013).
At the time of node detachment, expression levels of TpAXR1 were higher
in Lemmon than in Diplomat and Rubitas, and higher in Diplomat than
in Rubitas. At 4 h after node detachment, the TpAXR1 transcript was
more abundant in Lemmon than in Rubitas. These higher expression levels
would result in a possible higher inhibition or promotion of bud outgrowth
in Lemmon. The promotion of bud outgrowth corresponds with the higher
number of branches in Lemmon (Chapter 3) if Lemmon had lower levels of
auxin transport than Diplomat and Rubitas. This result should however
be interpreted with care, as the higher expression of TpAXR1 in nodes of
Lemmon was not confirmed in the tissues experiment (Figure 5.4).
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Genes for which differential expression was detected in the tissues
experiment, but not in the nodes experiment
Differential expression among the genotypes was observed for TpD27 in
internodes: TpD27 expression was higher in Lemmon than in Crossway,
Diplomat and Rubitas. If strigolactones inhibit bud outgrowth, the re-
sulting potential higher strigolactone biosynthesis in Lemmon would relate
to its lower number of branches than in Crossway, but does not relate to
its higher number of branches than in Diplomat and Rubitas (Chapter 3).
However, if Lemmon had lower levels of auxin transport than Diplomat
and Rubitas, the higher strigolactone biosynthesis in Lemmon would ex-
plain a higher branching. Taken together with the result of the differential
expression of TpAXR1 between Lemmon and Crossway, the differences in
branching might be due to differences in gene expression at the level of the
internodes, rather than at the level of the roots.
In the internodes, TpBRC1 was higher expressed in Crossway than in Lem-
mon and Diplomat; in the nodes, expression levels were higher in Crossway
than in all other genotypes. Based on the function of BRC1 in the inhi-
bition of bud outgrowth, we can thus conclude that the high expression
level in Crossway does not correspond with its highly branched phenotype
(Chapter 3).
Genes for which differential expression was detected in the nodes
experiment, but not in the tissues experiment
Differential gene expression was only observed for TpTIR1 and TpMAX1-2.
At 4 h after node detachment, TpMAX1-2 was higher expressed in Crossway
than in the three other genotypes; at 24 h after node detachment, TpMAX1-
2 expression levels were higher in Crossway than in Rubitas, and TpTIR1
expression levels were higher in Lemmon than in Rubitas. The differences in
expression levels of TpTIR1 cannot be related to the differences in branch-
ing in these genotypes. The higher expression levels of TpMAX1-2 might
relate to the higher number of branches in Crossway if auxin transport lev-
els were lower in Crossway than in the three other genotypes.
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5.3.4 Inter-genotypic variation in exonic and intronic
gene sequences of branching genes
In addition to genetic variations in the promoter region, we investigated
the polymorphisms present in six genes (TpD27, TpMAX4, TpMAX1-1,
TpMAX1-2, TpMAX2 and TpBRC1 ) to identify single nucleotide poly-
morphisms (SNP), deletions and/or insertions in exonic and intronic gene
sequences. These six genes are all involved in the strigolactone biosynthesis
and signalling pathways. For each gene, we analysed a fragment of minimum
200 bp covering at least one exon and one intron, if possible. A maximum
of four cloned and sequenced PCR-fragments were analysed per genotype.
Polymorphisms observed only in one of the cloned sequences of one genotype
were not taken into consideration, as these have a high probability of being
errors introduced during PCR amplification or sequencing. This resulted
in the elimination of 42 %, 39 %, 31 %, 25 %, 87 % and 70 % of the total
number of polymorphisms in the analysed regions of respectively TpD27,
TpMAX4, TpMAX1-1, TpMAX1-2, TpMAX2 and TpBRC1.
Genes with high frequencies of polymorphism
In TpD27, 29 (2.6 % of 1095 bp) polymorphisms were detected in the se-
quenced region (Figure 5.5, Table B.4). Twenty-five (3.3 %) polymorphisms
were detected in intronic gene sequences, and four (1.2 %) polymorphisms
were detected in exonic gene sequences. One of these four polymorphisms
caused an amino acid substitution. A similar level of polymorphism (2.6 %)
was detected in the sequenced region of TpMAX1-1, which spanned 1252 bp
(Figure 5.7, Table B.6). This corresponded to 33 polymorphisms: 19 (5.3 %)
polymorphisms in intronic gene sequences and 14 (1.6 %) in exonic gene se-
quences. Eight of the 14 (57 %) polymorphisms in the exonic gene sequences
caused an amino acid substitution.
In the sequenced region of TpMAX4, 22 (1.8 % of 1192 bp) polymorphisms
were detected (Figure 5.6, Table B.5). Seven (3.3 %) polymorphisms were
detected in intronic gene sequences, and 15 (1.5 %) in exonic gene sequences,
of which five caused an amino acid substitution.
In the short sequenced region of TpMAX1-2 (204 bp), a number of poly-
morphisms were identified (Figure 5.8, Table B.7). Three (1.5 %) polymor-
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phisms were detected in the exonic gene sequence, of which one caused an
amino acid substitution.
In summary, TpMAX1-1 displayed a higher percentage of polymorphisms in
both the exonic and intronic gene sequences, and had also a higher number
of non-synonymous polymorphisms than TpD27, TpMAX4 and TpMAX1-
2.
As the six genotypes are all diploids, we expected a maximum number of
two allelic configurations in each genotype. An allelic configuration is here
defined as a haploblock covering one cloned and sequenced region, with
a particular configuration of SNPs, deletions and/or insertions. However,
for most genes more than two allelic configurations were observed in a sin-
gle genotype. This was the case, for example, for the second part of the
sequenced region of TpD27 (in Lemmon and Crossway, respectively three
and four allelic configurations were detected), or for the sequenced region of
TpMAX4 (three allelic configurations were identified in the first part of the
sequenced region in No.16, and for the second part of the sequenced region
in Lemmon; four allelic configurations were identified for the second part of
the sequenced region in No.16). This indicates that some of the polymor-
phisms reported above are probably the result of errors introduced during
PCR amplification or sequencing, and that the level of polymorphism in
these genes might have been overestimated.
Genes with low frequencies of polymorphism
A large part of the TpMAX2 gene was analysed: 1389 bp (Figure 5.9, Ta-
ble B.8). Only two (0.1 %) polymorphisms were detected in this region,
which both resulted in an amino acid substitution. One polymorphism was
detected in Hp, the other polymorphism occurred in Crossway. All other
genotypes were probably homozygous and carried the same TpMAX2 allele.
Finally, also a large part of the TpBRC1 gene was analysed (Figure 5.10,
Table B.9). In this region, only three (0.5 % of 616 bp) polymorphisms were
observed, which all resulted in an amino acid substitution. These polymor-
phisms occurred in multiple genotypes: two polymorphisms in Lemmon,
Diplomat and Rubitas; and one polymorphism in Crossway, Hp and No.16.
In summary, TpMAX2 and TpBRC1 displayed much lower percentages of
polymorphisms than TpD27, TpMAX4, TpMAX1-1 and TpMAX1-2. In
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addition, the five polymorphisms detected in these genes resulted all in an
amino acid substitution. The low number of polymorphisms in TpMAX2
between red clover genotypes agrees with the high similarity of MAX2 se-
quences between species and with the little selection pressure for a change
in its role in signalling among different plant species (Challis et al., 2013).
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5.4 Discussion
The phenotypic variation that we observe among plants of the same species
is the result of differences at the genetic level, in interaction with the en-
vironment. In this chapter, we focused on the genetic factors which could
be related to the differences observed for branching among red clover geno-
types. In Chapter 3, we showed that node formation and bud outgrowth are
the most relevant underlying biological processes to describe the phenotypic
branching differences in red clover. Genes involved in these processes are
unknown in red clover, but have been described and investigated in other
species. We used this information to identify the corresponding T. pratense
orthologs. Subsequently, we investigated whether the among-genotype ob-
served phenotypic branching differences (Chapters 2 and 3) were associated
with variation at the level of regulation of gene expression and/or to DNA
polymorphisms in exonic and intronic sequences of these branching genes.
Variations in the level of gene expression, and in the abundance of protein
products (Keurentjes et al., 2008) can be a reflection of polymorphisms in
regulatory elements such as the promoter region or regulating transcription
factors. For example, in Mimulus guttatus, it has been shown that the ex-
pression of MgMAX2, MgMAX3 and MgMAX4 correlates with contrasting
patterns of bud outgrowth between two locally adapted populations (Baker
et al., 2012). Finally, non-synonymous polymorphisms in exonic sequences
might alter protein function, activity or stability (Keurentjes et al., 2008),
as demonstrated in A. thaliana for AtMAX2 and AtMAX3. In this case, a
significant association has been demonstrated between a particular haplo-
type of AtMAX2 and the number of lateral and total branches in short day
conditions; and between a haplotype of AtMAX3 and the number of total
branches in long day conditions (Ehrenreich et al., 2007). In willow (Salix
spp.), non-synonymous polymorphisms in MAX4 have been identified which
may be responsible for the inability of this allele to show full MAX4 activity
(Ward et al., 2013). In addition, a high conservation of the functional do-
mains of genes related to the strigolactone pathway has been demonstrated
across species by Challis et al. (2013). Polymorphisms in these functional
domains will be discussed for the corresponding red clover genes.
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5.4.1 Red clover orthologs of branching genes
Analyses of mutants in several species have revealed functional conservation
of branching genes related to the auxin and strigolactone pathways (Drum-
mond et al., 2012; Ishikawa et al., 2005; Johnson et al., 2006; Snowden et al.,
2005; Sorefan et al., 2003; Vogel et al., 2010). The DNA and protein se-
quence conservation can be exploited to identify orthologous genes in other
species. This was not straightforward in red clover as limited genomic re-
sources are available. However, by combining two independent approaches
to check orthology, phylogenetic analyses and gene expression in a panel
of tissues, we were able to successfully identify 13 branching genes in red
clover. For the genes REV, PIN1, AXR1, TIR1, CRE1, D27, MAX4, D14,
MAX2 and BRC1, an orthologous red clover gene could be easily identified
through protein alignments and phylogenetic analyses. Analysis of gene
expression in a panel of red clover tissues in six genotypes corresponded
quite well with information available for A. thaliana and/or M. truncatula,
suggesting conservation of regulatory elements.
For DRM1 and MAX1, the identification of the respective red clover or-
thologs was less straightforward. Phylogenetic analyses of DRM1 revealed
one red clover ortholog. However, the expression pattern of TpDRM1 in a
panel of red clover tissues deviated from the expression patterns described
for AtDRM1 and MtDRM1 (Figure 5.2). On the other hand, it was rather
consistent with what has been described in pea (Shimizu-Sato & Mori, 2001;
Stafstrom et al., 1998), the species in which DRM1 was first identified
(Stafstrom et al., 1998). Therefore, we are rather confident that TpDRM1
was the corresponding DRM1 ortholog in red clover. Additionally, a low
level of functional conservation across species has been demonstrated (Rae
et al., 2013). As reported recently, DRM1 is more likely linked to the non-
growing status of tissues rather than to dormancy per se (Rae et al., 2013).
Potential differences regarding the non-growing status of the tissues anal-
ysed in red clover, A. thaliana and M. truncatula, and potential functional
differences in red clover could thus explain the observed variations in ex-
pression patterns.
Multiple MAX1 genes have been identified in monocots: five in rice and
three in maize (Zea mays) (Challis et al., 2013; Nelson et al., 2008). Re-
cently, Challis et al. (2013) reported the presence of multiple MAX1 par-
alogs in five dicotyledon species (Mimulus guttatus, Glycine max, M. trun-
catula, Populus trichocarpa and Fragaria vesca). Correspondingly, in the
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MAX1 phylogenetic tree including red clover sequences, four orthologs in
soybean and two in M. truncatula were clearly identified. The presence
of four orthologs in soybean was expected because of the duplication of
large portions of the soybean genome (Blanc & Wolfe, 2004; Shoemaker
et al., 1996). Each of the red clover sequences (TpMAX1-1 and TpMAX1-
2) clustered together with a different M. truncatula paralog, from which
we can conclude that also the red clover genome carries two MAX1 par-
alogs. We could also conclude that the gene duplication probably oc-
curred before the speciation event separating M. truncatula, soybean and
red clover. Therefore, possible functional diversification can be similar in
these species. In M. truncatula, evidence has been found for a diversifi-
cation at the protein level of the two MtMAX1 orthologs. Complementa-
tion experiments using the max1-1 mutant of A. thaliana allowed Challis
et al. (2013) to conclude that Mt3G104560 was functionally equivalent to
AtMAX1, while Mt1G015860 only had weak functional similarity. These au-
thors suggest that Mt1G015860 fulfils a specific role in strigolactone control
of nodule development (Challis et al., 2013). Correspondingly, TpMAX1-
1 and TpMAX1-2 do display slightly different expression patterns: the
expression pattern of TpMAX1-1 corresponds with that of Mt1G015860,
while the expression pattern of TpMAX1-2 corresponds better with that of
Mt3G104560 and AtMAX1. These different expression patterns may indi-
cate a similar variation in the function between TpMAX1-1 and TpMAX1-2.
At this point in time, this is just a speculation, and should be confirmed,
for example by expressing the two red clover genes identified in this study
in the respective max1 mutants of M. truncatula, and determining if the
phenotype is restored.
5.4.2 Patterns of gene expression during induced bud
outgrowth
After induction of bud outgrowth by node detachment, the temporal dy-
namics of each of the 13 analysed genes were rather similar in the six geno-
types. This suggests that, once the bud has been stimulated to grow out,
similar changes occur in different genotypes, and that other factors such as
post-transcriptional regulation underlay the inter-genotype phenotypic dif-
ferences described in Chapter 3. For the 13 branching genes, different gene
expression profiles were observed during the early stages of bud outgrowth
in detached nodes.
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The expression levels of TpREV, TpPIN1, TpAXR1, TpTIR1 and TpCRE1
decreased in the first 4 h after detachment of the nodal segments. These
genes are involved in the spatial organisation of the lateral meristem (REV ;
Schmitz & Theres, 2005), transport of and response to auxins (PIN1, AXR1,
TIR1 ; Bennett et al., 2006; Hayward et al., 2009) and response to cytokinins
(CRE1 ; Hwang & Sakakibara, 2006). The downregulation of genes related
to the auxin transport and signalling pathway was expected, because of the
inhibitory effect of this hormone on bud outgrowth. However, the decrease
in the expression of TpCRE1 was not as expected, as this gene is part of the
cytokinin response pathway in which cytokinins stimulate bud outgrowth.
An increase of the level of TpCRE1 transcript was detected for some geno-
types (Lemmon, Hp and No.16) at 24 h after node detachment. Analysis
of later time points should be carried out to check whether this is also the
case for other genotypes, but at a slower pace.
TpMAX1-1, TpMAX1-2, TpD14 and TpBRC1 expression levels increased
at 4 h after node detachment. These genes are involved in the biosynthesis,
signalling and response to strigolactones (Braun et al., 2012; Challis et al.,
2013; Waters et al., 2012). Since strigolactones inhibit bud outgrowth, we
expected a downregulation of these genes in response to stimulation of bud
outgrowth. After 24 h, this was indeed the case for TpMAX1-1, TpD14 and
TpBRC1. In chrysanthemum (Dendranthema grandiflorum), it has been
shown that the expression levels of DgBRC1 in nodes of decapitated plants
decreases from the moment of decapitation to 1 h later, and reaches initial
levels at 48 h after decapitation (Chen et al., 2013). This suggests the oc-
currence of dynamic changes in the expression of this gene during the initial
phases of bud outgrowth. Depending on the moment at which the sampling
is done, contrasting results are therefore possible. This would explain the
apparent unexpected results detected here for genes of the strigolactone
biosynthesis, signalling and response pathways. In addition, the expres-
sion patterns of TpMAX1-1 and TpMAX1-2 were different from those of
TpMAX2 and TpMAX4. This agrees with the different behaviour of the
mutants in these genes in A. thaliana (Chapter 4).
In outgrowing nodes, the expression patterns of TpMAX1-1 and TpMAX1-2
were clearly different, which confirms functional diversification, as discussed
above. In red clover, both genes are expressed in nodes and display dynamic
changes during bud outgrowth. Note, however, that while the expression of
TpMAX1-2, the putative functional ortholog of the M. truncatula gene that
rescues the max1 mutation in A. thaliana, remains in most genotypes at sim-
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ilar levels 4 h and 24 h after node detachment, the expression of TpMAX1-1
drops to values close to the detection limit at 24 h after node detachment.
Finally, the expression levels of TpDRM1, TpD27, TpMAX4 and TpMAX2
remained constant over the three time points. These genes are involved
in bud dormancy (DRM1 ; Shimizu-Sato & Mori, 2001), strigolactone bio-
synthesis (D27, MAX4 ; Waters et al., 2012) and response to strigolactones
(MAX2 ; Hayward et al., 2009). We can thus conclude that the expression of
these genes was not influenced by the induction of bud outgrowth by node
detachment.
5.4.3 Patterns of gene expression in nodes, internodes
en roots
Expression levels of genes involved in meristem initiation, bud dormancy
and bud outgrowth were analysed. We expect that these genes can only
influence branching by having a differential expression in roots, internodes
and nodes, and not in leaves and flowers. Also, the differential expression
during the early stages of bud outgrowth can contribute to the observed
inter-genotype differences. Therefore, only root, internode and node from
the tissues experiment and the three time points from the nodes experiment
will be discussed. Furthermore, these expression levels will only be discussed
for the genotypes Lemmon, Crossway, Diplomat and Rubitas, since their
branching phenotypes can be more easily compared to each other than to
Hp and No.16.
If axillary meristem initiation would be important in explaining the ob-
served branching differences among the four red clover genotypes anal-
ysed thoroughly in this thesis, we expect that, for example, TpREV would
have lower expression levels in the poorly branched genotypes than in the
highly branched genotypes. However, no clear inter-genotypic differences
in expression were observed for this gene. This indicates that either post-
transcriptional differences are important, other genes are involved, or that
axillary meristem initiation is not a relevant process to explain the differ-
ences observed. Although we cannot provide a clear conclusion, we expect
the latter to be true, since in red clover plants every node bears a bud in
its leaf axil (Chapter 3).
The variation in the lag time to bud outgrowth identified in the red clover
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genotypes (Chapter 3) could be related to differences with regards to bud
dormancy. DRM1 has been suggested as marker for bud dormancy (Shimizu-
Sato & Mori, 2001), and we therefore would expect that the longer lag time
to bud outgrowth of Rubitas than of Lemmon and Crossway (Chapter 3)
would be related to a higher expression of TpDRM1 in Rubitas. However,
no significant inter-genotypic differences were observed for the expression
levels of this gene. In most published cases, increases in DRM1 expres-
sion are associated with reduced branching phenotypes, and decreases in
DRM1 expression are associated with increased branching phenotypes such
as in the axr1 and max2 mutants (Rae et al., 2013). However, the study of
DRM1 expression levels in A. thaliana brc1 mutants and YUCCA overex-
pression lines showed that DRM1 may not play a role specifically in holding
back bud outgrowth (Rae et al., 2013). Therefore, our red clover genotypes
might also be a case in which TpDRM1 expression is not associated with
branching. The longer lag time to bud outgrowth in Rubitas thus possibly
results from an upregulation of genes that repress bud outgrowth. During
the early stages of bud outgrowth, higher expression levels, although not
significantly, have indeed been observed for TpAXR1, TpD27, TpMAX4
and TpMAX1-1 in Rubitas than in Lemmon and Crossway. The longer lag
time to bud outgrowth in Rubitas can also result from a downregulation of
genes that stimulate bud outgrowth as has been observed for TpCRE1.
Most of the genes analysed here in red clover are putatively involved in bud
outgrowth. A large part of these genes were not differentially expressed in
the four genotypes (TpPIN1, TpCRE1, TpMAX4, TpMAX1-1, TpD14 and
TpMAX2 ). For the other genes, differential expression was observed. In
the roots, TpAXR1 was less expressed in Lemmon than in Crossway, which
possibly results in lower levels of strigolactones in Lemmon. However, in
the internodes, TpD27 was higher expressed in Lemmon than in Crossway,
possibly resulting in higher levels of strigolactones in Lemmon. We therefore
suggest that the differences in branching are due to differences in expres-
sion levels in the internodes rather than in the roots. We can conclude that
the lower number of branches of Lemmon compared to Crossway, might be
due to a higher expression level of TpD27 in the internodes of Lemmon.
The higher expression of TpD27 in internodes of Lemmon than in those
of Diplomat and Rubitas only relates to the higher number of branches in
Lemmon if Lemmon had lower levels of auxin transport than Diplomat and
Rubitas. TpBRC1 expression levels were higher in Crossway than in Lem-
mon and Diplomat in the internodes; and were higher in Crossway than in
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all other genotypes in the nodes. In for example, A. thaliana, rice, tomato
and chrysanthemum, it was shown that lower expression levels of BRC1 are
correlated with a higher number of branches (Aguilar-Mart´ınez et al., 2007;
Chen et al., 2013; Mart´ın-Trillo et al., 2011; Takeda et al., 2003); while over-
expression of BRC1 in rice resulted in a lower number of branches (Takeda
et al., 2003). However, in pea, the expression of BRC1 was not downregu-
lated in the brc1 mutant, suggesting that PsBRC1 transcript levels do not
simply negatively correlate with the activity of axillary buds (Braun et al.,
2012). Therefore, we cannot make any conclusions about the relation be-
tween expression levels of TpBRC1 and shoot branching in red clover. Also
in the nodes experiment, some differences in expression level were observed
during the early stages of bud outgrowth for the genes TpAXR1, TpTIR1
and TpMAX1-2. For TpAXR1 and TpMAX1-2, the differential expression
levels could only be explained if auxin transport levels were different.
5.4.4 Non-synonymous polymorphisms in exonic gene
sequences for six red clover genotypes
We have analysed polymorphisms for six genes in six red clover genotypes:
TpD27, TpMAX4, TpMAX1-1, TpMAX1-2, TpMAX2 and TpBRC1. Here,
we focused on genes involved in the strigolactone biosynthesis and signalling
pathway. Although the number of genotypes used is very low, and only some
regions of the genes were screened for polymorphisms, these preliminary re-
sults provide a first indication of potentially relevant polymorphic sites that
could be linked to the functionality of the coded proteins. The frequency
of non-synonymous polymorphisms in A. thaliana and perennial ryegrass
(Lolium perenne) is about 48 % and 42 % of the total number of polymor-
phisms in transcript sequences, respectively (Clark et al., 2007; Ruttink
et al., 2013). This is comparable to the frequency in the red clover genes
TpD27, TpMAX4 and TpMAX1-2. However, TpMAX1-1 had a slightly
higher frequency, and in TpMAX2 and TpBRC1 all nucleotide changes re-
sulted in an amino acid substitution.
A number of polymorphisms were identified for TpD27. However, till now,
no functional annotations are available for this gene. Therefore, the most
important domain in this gene is not known, and thus we cannot conclude if
the non-synonymous polymorphisms would influence the protein function.
The analysed fragment of TpMAX4 covers a large part of the carotenoid
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oxygenase domain, and therefore the non-synonymous polymorphisms can
have an important influence on the protein function, activity and/or sta-
bility. As mentioned above, a MAX4 allele of willow has non-synonymous
polymorphisms which causes this protein to lose its function (Ward et al.,
2013). These non-synonymous polymorphisms corresponded to nucleotide
changes at positions 218, 560 and 753 (recalculated to the positions in Fig-
ure 5.6). At positions 218 and 753, we did not observe any polymorphisms
in red clover. However, at position 560, there was a non-synonymous poly-
morphism. In all genotypes except Rubitas, this resulted in a change from
arginine (R) to lysine (K). Also in the allele in willow, lysine was formed
instead of arginine. This could indicate that the presence of lysine in all
genotypes except Rubitas could cause a difference in the function of the
MAX4 protein, which could cause differences in branching. However, it is
also possible that this was not the causative amino acid in willow, or that
one or both of the other non-synonymous polymorphisms were also needed
to disrupt the protein function. Additionally, four residues have been iden-
tified as essential for substrate specificity of CCD enzymes. These residues
correspond to F-130, F-367, M-451 and L-557 of MtMAX4 (Challis et al.,
2013). The first residue is positioned in the beginning of the second exon,
and the fourth residue is positioned in the sixth exon, which were both not
analysed in red clover. F-367 corresponds to position 789 in Figure 5.6, and
M-451 corresponds to position 1146. However, for none of these positions a
polymorphism was observed in the six red clover genotypes. Therefore, the
polymorphisms in TpMAX4 are probably not the cause of the variations in
the branching phenotype of the six genotypes.
In TpMAX1-1, the cytochrome P450, E-class, group I domains, determined
with InterProScan on Mt1G015860 (Zdobnov & Apweiler, 2001), are po-
sitioned at the end of the first exon, at basepairs 97 to 153, 523 to 663,
838 to 891, 1306 to 1378 and 1417 to 1516 (positions according to Figure
5.7). This means that non-synonymous polymorphisms in these domains
can result in a variation in the function of the TpMAX1-1 protein. In the
domain 523 to 663, a non-synonymous polymorphism occurred in Diplomat;
in the domain 1417 to 1516, a non-synonymous polymorphism occurred in
Diplomat, Rubitas, Hp and No.16. These polymorphisms can possibly re-
sult in the poorly branched phenotype of these four genotypes (Chapter 3).
The cytochrome P450, E-class, group I domains are outside the analysed
fragment of TpMAX1-2 (determined with InterProScan on Mt3G104560).
Therefore, the observed non-synonymous polymorphisms would probably
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have no influence on the function of this protein.
Challis et al. (2013) stated that the C-terminal 15 % of the MAX2 pro-
tein is likely to be involved in substrate recognition. This domain corre-
sponds with the last 320 bp in the nucleotide sequence, which corresponds
to positions 1157 and further in Figure 5.9. However, in this region, no
polymorphisms were observed in TpMAX2. Therefore, the observed non-
synonymous polymorphisms would probably have no influence on the func-
tion, activity and/or stability of this protein.
Two important domains are present in the BRC1 protein: TCP domain and
R domain (InterProScan on Ps-JF274232). The TCP domain is situated in
the beginning of the first exon (up to position 110 in Figure 5.10); the R
domain is situated between positions 282 and 335 (Figure 5.10). Two of the
polymorphisms were observed in the TCP domain, which could indicate a
variation in the function of the TpBRC1 protein in Lemmon, Diplomat and
Rubitas, and therefore affect their branchiness. However, Lemmon is highly
branched, and Diplomat and Rubitas are poorly branched (Chapter 3).
5.5 Conclusion
We successfully identified 13 branching genes in red clover and reconstructed
at least part of their genomic sequence. Based on phylogeny and expres-
sion pattern similarities, we assigned these genes as the orthologs of the
corresponding genes in A. thaliana and M. truncatula.
Little inter-genotypic differences were found in expression levels and non-
synonymous polymorphisms in multiple branching genes. These can pos-
sibly explain the observed architectural differences, but their interactions
and influence of other factors/genes is too complex to make a clear relation
between these results and the phenotypes of the six red clover genotypes.
A possible relation was found between the lag time of bud outgrowth and
the expression of TpAXR1, TpD27, TpMAX4, TpMAX1-1 and TpCRE1.
The non-synonymous polymorphism observed in TpMAX4 in all genotypes
except Rubitas might also be related to a longer lag time to bud outgrowth.
Finally, also in TpMAX1-1 and TpBRC1, non-synonymous polymorphisms
were observed in important functional domains. These non-synonymous
polymorphisms are promising, and are interesting to study on a larger num-
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ber of genotypes if they could be used as markers in future breeding of red
clover.
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Variation in hormone
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Chapter 6
6.1 Introduction
The initiation of axillary meristems and the subsequent regulation of their
activation determine to a great extent the variation in plant shoot architec-
ture (Mu¨ller & Leyser, 2011). Genetic factors, the developmental stage, and
the environmental conditions influence both the initiation of axillary meris-
tems and their activation to form axillary buds that eventually grow out
into branches. It has been demonstrated that intricate hormonal networks
mediate the spatiotemporal integration of these multiple signals, allowing
the plant to optimize its structure to the conditions in which it grows, and
yet with the ability to respond to environmental changes (Brewer et al.,
2013).
Three main steps can be distinguished in the formation of a lateral branch:
axillary meristem initiation, axillary bud development and bud outgrowth
(Grbic & Bleecker, 2000; Long & Barton, 2000; Ward & Leyser, 2004). Al-
though a meristem is present at the axil of each leaf in angiosperms, not
all axillary meristems proceed to the development of a bud, and not all
buds grow out into a branch. However, similar to what has been described
in Lotus japonicus (Alvarez et al., 2006), in red clover plants at least one
axillary bud is formed in each leaf axil (Chapter 3). This indicates that
differences in patterns of axillary meristem initiation and axillary bud de-
velopment contribute relatively less than differences in bud outgrowth to
explain inter-genotype differences in plant architecture in this species.
Three classes of phytohormones interact to control the process of bud out-
growth: auxins, cytokinins and strigolactones (Dun et al., 2012). Auxins
are synthesized in young expanding leaves at the shoot apex and are trans-
ported basipetally through the polar auxin transport stream. As described
in 1.4, two hypotheses have been proposed for the indirect inhibition of bud
outgrowth by auxins. Cytokinins promote bud outgrowth and their syn-
thesis is downregulated by auxins. Strigolactones or a derivative (Gomez-
Roldan et al., 2008; Umehara et al., 2008) repress the outgrowth of buds and
their biosynthesis is upregulated by auxins (Crawford et al., 2010; Hayward
et al., 2009; Leyser, 2009; Li et al., 1995; Nordstro¨m et al., 2004; Tanaka
et al., 2006). Cytokinins and strigolactones can act directly into the bud by
influencing the transcription of growth-regulating genes in the bud (Aguilar-
Mart´ınez et al., 2007; Braun et al., 2012; Dun et al., 2012). They can also
act by modulating auxin transport properties, both locally and systemically,
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thereby affecting the ability of buds to establish auxin transport canaliza-
tion into the main stem (Crawford et al., 2010; Prusinkiewicz et al., 2009;
Shinohara et al., 2013; Ward et al., 2013). Bud outgrowth will in turn af-
fect the amount of auxins transported into the main stem. Thus, auxins,
cytokinins and strigolactones interact in multiple feedback loops to regulate
branching (Leyser, 2009). Support has been found for both hypotheses in
various experiments (e.g. Balla et al., 2011; Bennett & Leyser, 2006; Brewer
et al., 2009; Prusinkiewicz et al., 2009), leading to the suggestion that the
two hypotheses are mutually compatible, and could operate in parallel with
either species-specific and/or environment-specific variation in their rela-
tive importance (Domagalska & Leyser, 2011; Shinohara et al., 2013). In
various rice cultivars (Oryza spp.), a relation has been found between high
strigolactone levels and poor branching (Jamil et al., 2011). For auxins and
cytokinins, QTL studies have provided evidence that variation in their sig-
nalling pathways may play important roles in generating branching diversity
in Arabidopsis thaliana (Ehrenreich et al., 2007). Finally, in chickpea (Ci-
cer arietinum), it was found that cytokinin levels rise in buds as they are
growing out, while in pea (Pisum sativum), auxin levels are highest in the
nodes adjacent to the most inhibited buds (Kotov & Kotova, 2000; Turnbull
et al., 1997).
Strigolactones is a collective name for a large number of compounds, with
only a few compounds per plant species (Xie et al., 2010). For example,
strigol has been found in cotton (Gossypium hirsutum), sorghum (Sorghum
bicolor) and maize (Zea mays); sorgolactone and orobanchyl acetate have
been found in cotton and cowpea (Vigna unguiculata); and 5-deoxystrigol
was isolated from L. japonicus (Xie et al., 2010). In red clover, the strigolac-
tones orobanchol and orobanchyl acetate have been identified (Sato et al.,
2003; Xie et al., 2008). Strigolactones are mainly produced in the roots and
they are partly exuded to attract arbuscular mycorrhizal (AM) fungi (Do-
magalska & Leyser, 2011). Investigation of the influence of nutrient avail-
ability on orobanchol exudation in red clover revealed a higher production
when phosphorus was deficient (Yoneyama et al., 2007b). In A. thaliana, it
was shown that the increase in strigolactone production due to phosphorus
deficiency results in a reduction of shoot branching (Kohlen et al., 2011a).
A higher strigolactone production under phosphorus deficiency is a rather
common phenomenon, as shown for example in tomato (Solanum lycoper-
sicum), rice, pea and sorghum (Balzergue et al., 2011; Lo´pez-Ra´ez et al.,
2008; Umehara et al., 2010; Yoneyama et al., 2007a) and phosphorus starva-
121
Chapter 6
tion is used to estimate strigolactone biosynthesis for experimental purposes
(Jamil et al., 2011; Lo´pez-Ra´ez et al., 2008).
Polymorphisms in regulatory or coding sequences of genes, as studied in
the previous chapter, might result in variations in gene expression, protein
levels, function and stability. As a consequence, this may also result in
variations in hormone levels and response. In tomato, for example, three
SlCCD7 antisense lines displaying varying reduction of SlCCD7 RNA lev-
els in roots, also showed varying reductions in the level of strigolactones.
However, this relationship was not linear (Vogel et al., 2010), since post-
transcriptional modifications and interactions between genes can also have
an influence. In Chapter 5, we investigated the variations in gene expres-
sion and the presence of polymorphisms in branching genes in six red clover
genotypes. To implement these data, we investigate in this chapter the vari-
ation in auxin and strigolactone synthesis and in the response of buds to
exogenous hormone application.
6.2 Materials and methods
6.2.1 IAA extraction and quantification by LC-MS
The six genotypes described in Chapter 3 (Lemmon, Crossway, Diplomat,
Rubitas, Hp and No.16) were used for the experiments presented here.
These genotypes were propagated and maintained as described in 5.2.1.
Auxins are synthesized in young organs (Ljung et al., 2001), and therefore
young leaves were chosen for analysis and harvested in three biological repli-
cates (one replicate corresponds here to tissues of one single plant) for the
six genotypes. The extraction of indole-3-acetic acid (IAA) from 400 mg
leaf material and liquid chromatography-tandem mass spectrometry (LC-
MS) analysis were performed according to Ruyter-Spira et al. (2011). The
resulting IAA levels were normalized to the weight of the start material and
were analysed using ANOVA with post-hoc Games-Howell test as imple-
mented in the software package SPSS (IBM).
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6.2.2 Strigolactone detection and quantification by
LC-MS
Plant growth conditions for strigolactone measurements
For each of the six genotypes, three biological replicates were randomly
placed in a growth chamber (19 ◦C, 16 h light, 80µmol/m2.s, cool white) in
5 L pots filled with a mixture of sand and perlite. Each replicate consisted
of five two-month old cuttings. The plants were watered twice a week with a
nutrient-rich solution containing 50 mL stock solution diluted in 2 L water.
The composition of the stock solution was as follows:
• 386 µL H3BO3 11 g/L
• 386 µL MnSO4 x H2O 6.2 g/L
• 386 µL KCl 10 g/L
• 386 µL ZnSO4 x 7H2O 1 g/L
• 386 µL NaMoO4 x 2H2O 0.5 g/L
• 386 µL CuSO4 x 5H2O 0.5 g/L
• 386 µL H2SO4 0.5 mL/L
• 50 mL KNO3 20.2 g/L
• 50 mL KH2PO4 27.2 g/L
• 50 mL CaCl2 x 2H2O 73.0 g/L
• 50 mL MgSO4 x 7H2O 24.6 g/L
• 50 mL K2SO4 43.5 g/L
• 50 mL EDTA NaFe 8.2 g/L
• Water up to 2 L
After two months in the growth chamber, the plants were irrigated with the
solution described above, but without KH2PO4. This has been shown to be
a good methodology to induce the production of strigolactones in different
plant species, including red clover (Yoneyama et al., 2001). Strigolactone
levels were determined in root exudates and in root tissues.
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Strigolactone purification from root exudates
Seven days after the start of phosphorus deficiency, the soil in the pots was
washed with 1 L of nutrient solution without KH2PO4 and the eﬄuent was
collected. C18 columns (GracePure SPE C18-Fast 500 mg/3 mL - GRACE)
were equilibrated with 3 mL 100 % acetone and 3 mL water. The root ex-
udate was loaded onto the preequilibrated column and then washed with
4 mL water. In a preliminary experiment in which strigolactones were anal-
ysed in the 30 %, 60 % and 100 % acetone fractions, we determined that the
30 % and 60 % acetone fractions contained the highest amounts of known
red clover strigolactones. Therefore, strigolactones were eluted sequentially
with 4 mL of 30 % acetone in water, and with 4 mL of 60 % acetone in wa-
ter. Both elution fractions were pooled and the acetone was evaporated in
a SpeedVacuum. After addition of dichloromethane (1:1, v/v), the sam-
ples were vortexed and centrifuged for 5 min at 1500 rpm. The bottom
phase containing the strigolactones in dichloromethane was transferred to
a new tube. To the supernatant, dichloromethane (1:1, v/v) was added
and again vortexed and centrifuged. These two fractions were pooled and
evaporated to dryness. The third purification step made use of silica col-
umn chromatography (GracePure SPE Silica 1000 mg/6 mL - GRACE). The
dried samples were dissolved in 50µL ethyl acetate, vortexed and diluted in
4 mL 100 % hexane and poured into the silica column. The eluent was dis-
carded. A 4 mL mixture of n-hexane and ethyl acetate was used to elute the
strigolactones. In total, six fractions were collected (80 % hexane-20 % ethyl
acetate, 60 %-40 %, 40 %-60 %, 20 %-80 %, 0 %-100 %) and 10 % methanol-
90 % ethyl acetate. The samples were dried completely, dissolved in 200µL
of acetonitrile:water (25:75, v/v) containing 0.1 nmol/mL 13C2-strigol and
D6-5-deoxystrigol as internal standards, and filtered through Minisart SRP4
0.45µm filters (Sartorius).
Strigolactone extraction from roots
The same roots from which the root exudates were collected (see above)
were harvested and ground with a mortar and pestle in liquid nitrogen.
Per biological replicate, two samples of approximately 0.5 g fresh root ma-
terial were retained. Two mL ethyl acetate was added to each sample. The
samples were vortexed and centrifuged for 10 min at 2000 rpm. The super-
natant was transferred to a new tube, and the extraction with 2 mL ethyl
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acetate was repeated. The two samples were then pooled, dried, purified
using dichloromethane and silica columns, and filtered as described above.
LC-MS analysis
The detection and quantification of red clover strigolactones was performed
as described by Kohlen et al. (2011a). Orobanchol and orobanchyl acetate
levels were normalised using the total amount of root material for the exu-
dates, and using the weight of root material used for the extracts. Statistical
analysis was performed using ANOVA with post-hoc test Games-Howell as
implemented in the software package SPSS (IBM).
6.2.3 Gene expression analysis
We analysed the expression of the strigolactone biosynthesis genes TpD27,
TpMAX4, TpMAX1-1 and TpMAX1-2 (two MAX1 paralogs identified in
red clover) in the root samples described above. RNA extraction, cDNA
synthesis and RT-qPCR were performed as described in Chapter 5. To esti-
mate how much of the variability in the strigolactone concentration can be
explained by the expression of the genes, linear regressions were performed
with each gene separately using the software package SPSS (IBM). When
a significant effect was found for more than one gene, these genes were
included in the same model and a multiple linear regression was performed.
6.2.4 Response of buds to hormone treatment
Experiments were set up according to Chatfield et al. (2000), with minor
modifications. Per treatment, 10-20 nodal segments containing one non-
outgrowing bud were detached from non-flowering plants that were kept in
the growth chamber. The nodal segments were placed on water solidified
with 0.7 % plant tissue culture agar MC29, supplemented with various con-
centrations of hormones: 1, 5, 10 and 20µM GR24 (synthetic strigolactone);
or 0.01, 0.1, 0.5 and 1µM NAA (naphthalene acetic acid). In similar exper-
iments in chrysanthemum (Dendranthema grandiflorum), A. thaliana and
willow (Salix spp.), similar concentrations of GR24 (0.5, 1, 5 and 20µM)
and NAA (0.05, 0.1, 0.5, 1 and 5µM) were used (Crawford et al., 2010; Liang
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et al., 2010; Ward et al., 2013). GR24 was applied to the basal zone of the
segment, NAA to the apical zone (Figure 6.1). The culture medium con-
taining GR24 was refreshed each three days, to overcome the instability of
this synthetic hormone (personal communication Binne Zwanenburg, Rad-
boud University Nijmegen). The buds were photographed immediately after
detachment and three and seven days after the initiation of the treatment
using a stereomicroscope. Bud lengths were determined using the ImageJ
software (Schneider et al., 2012). Data were analysed using ANOVA with
post-hoc tests Tukey HSD or Games-Howell as implemented in the software
package SPSS (IBM).
A
B C
+/- NAA
+/- GR24
Figure 6.1: Experimental setup for the response of buds to hormone treatment. (A)
Young non-flowering first-order branch, (B) nodal segment with one non-outgrowing bud,
(C) culture medium containing hormones added to the top or the bottom plate.
6.3 Results
6.3.1 Red clover genotypes differ in auxin and
strigolactone concentrations
The six genotypes displayed only small differences in endogenous auxin con-
centration (Figure 6.2) with comparable levels of auxins in high (Lemmon
and Crossway) and low (Diplomat, Rubitas, Hp, No.16) branched geno-
types. The only significant difference was observed between Diplomat and
Rubitas, two genotypes that do not significantly differ for most architectural
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characteristics, except for the number of nodes in the basal 7 cm (Figure
3.4) and the duration of phytomer production (Table 3.2), which were both
higher in Rubitas than in Diplomat. Additionally, in the second regrowth,
Rubitas had a higher increase in the number of nodes in the basal 7 cm than
Diplomat (Figure 3.5). These results suggest that none of these six geno-
types were defective in auxin synthesis and that no direct relation exists
between auxin levels in leaves and branchiness of the plants.
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Figure 6.2: IAA concentration in young leaves of six red clover genotypes. Figures are
mean ± SE for three plants per genotype. The letters a and b indicate the significance
groups (P < 0.05, Games-Howell).
As expected, the strigolactones orobanchol and orobanchyl acetate (Xie
et al., 2008) were detected in both root exudates and root tissues of the six
genotypes. In root tissues, the levels of orobanchol were high in Crossway
compared to Rubitas and No.16; levels of orobanchyl acetate were high in
Crossway compared to Rubitas, Hp and No.16 (Figure 6.3A). In the root
exudates, no significant differences were detected among genotypes con-
sidering each strigolactone separately (Figure 6.3B), although a tendency
was observed towards higher concentrations of both components in exu-
dates from Lemmon, Crossway and Diplomat than in Rubitas and Hp. The
concentrations of both strigolactones recorded in No.16 were unexpectedly
high if we considered their concentrations in root tissues of this genotype
(Figure 6.3A). Total strigolactone concentration (orobanchol + orobanchyl
acetate) varied strongly among the six genotypes, both in root tissues and
exudates. High levels were measured in root tissues of Lemmon, Crossway
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and Diplomat; and additionally in No.16 in the root exudate. Thus, we did
observe differences in strigolactone concentration among the genotypes, but
no direct relation between these concentrations and their branchiness. In
general, the strigolactone concentration in root exudate and in root tissue
was quite consistent over the genotypes except for Crossway and No.16. It
should be noted that highly variable results were obtained for the concentra-
tion of both strigolactones in root exudates of No.16 (for the three biological
replicates: orobanchol: 0.2, 0.4 and 1.4 pmol/g; orobanchyl acetate: 0.2, 1.0
and 7.0 pmol/g).
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Figure 6.3: Strigolactone concentration in (A) root tissues and (B) root exudates of six
red clover genotypes. Bars represent the mean of three biological replicates for orobanchol
and orobanchyl acetate. The letters x, y, z indicate the significance groups for orobanchyl
acetate; the letters a and b indicate the significance groups for orobanchol (P < 0.05,
Tukey HSD or Games-Howell).
To analyse potential differences in the exudation of strigolactones among the
six genotypes, the total pool of strigolactones in the roots was compared
with that in the exudates (Table 6.1). In general, the exuded fraction of
orobanchol was higher than that of orobanchyl acetate, except in Rubitas
and No.16. The fraction of strigolactones exuded from the roots varied
among the genotypes. For example, we measured less strigolactones in the
roots of Diplomat than of Crossway, while levels in the exudate were more
comparable. This is shown in the fraction of exudation which is higher in
Diplomat than in Crossway (Table 6.1). We can thus conclude that high
levels of strigolactones in the roots does not necessarily mean high levels in
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the exudate, and that the exuded fraction differs between the genotypes.
To validate the measurements of strigolactone concentration, the expres-
sion level of four strigolactone biosynthesis genes was analysed in the root
tissues used for biochemical analysis, and related to the orobanchol and oro-
banchyl acetate concentrations using multiple linear regression (Table 6.2).
71.5 % of the variation in orobanchol concentration was statistically signif-
icant predicted by the expression of TpMAX1-1. 77.2 % of the variation
in orobanchyl acetate levels was statistically significant predicted by both
TpMAX1-1 and TpMAX1-2. There was thus a good relation between the
expression level of strigolactone biosynthesis genes and the concentration of
both strigolactones in the roots.
Table 6.1: Comparison between the total pool of strigolactones in the roots and in
the exudates. Total pool of strigolactones in the roots (TR) = Concentration in extract
(pmol/g).fresh weight of roots (g); Total pool of strigolactones in the exudate (TE)
= Concentration in exudate (pmol/sample); Fraction of strigolactones produced in the
roots which are exuded (Frac) = TE/TR.100 %. Figures are given as mean ± SE for
three biological replicates of the six genotypes.
Lemmon Crossway Diplomat Rubitas Hp No.16
Fresh weight (g)
8.2 ± 0.7 6.8 ± 2.1 6.5 ± 0.7 11.6 ± 0.8 8.0 ± 1.8 4.0 ± 0.9
Orobanchol
TR 8.8 ± 2.7 18.3 ± 5.5 6.2 ± 2.2 3.4 ± 2.0 4.9 ± 1.4 0.4 ± 0.2
TE 2.6 ± 1.3 4.2 ± 1.7 3.1 ± 0.6 1.3 ± 1.1 0.9 ± 0.5 2.2 ± 0.8
Frac 34.6 ± 14.0 21.4 ± 2.4 57.2 ± 11.9 26.6 ± 24.7 25.9 ± 14.4 260.4 ± 62.0
Orobanchyl acetate
TR 48.6 ± 9.9 97.6 ± 49.1 58.9 ± 22.4 6.2 ± 3.5 17.1 ± 4.7 0.7 ± 0.3
TE 6.7 ± 1.1 10.5 ± 4.6 11.9 ± 5.6 1.4 ± 0.8 2.5 ± 1.2 7.8 ± 5.2
Frac 15.6 ± 5.0 12.1 ± 6.6 36.0 ± 27.2 25.7 ± 3.7 12.9 ± 6.3 1701.4 ± 1399.6
Table 6.2: R2 values of a linear regression between orobanchol/orobanchyl acetate con-
centrations in root tissues of six red clover genotypes and the relative expression level of
each strigolactone biosynthesis gene separately, or with TpMAX1-1 and TpMAX1-2 in
the same model. Statistically significant variables are indicated with a star (P < 0.05,
t-test). ND - Not determined.
TpD27 TpMAX4 TpMAX1-1 TpMAX1-2
TpMAX1-1 and
TpMAX1-2
Orobanchol 0.166 0.005 0.715* 0.183 ND
Orobanchyl
acetate
0.214 0.196 0.615* 0.507* 0.772*
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6.3.2 Red clover buds respond to both strigolactone
and auxin application
To determine the lowest concentration of auxins with an inhibiting effect
on bud outgrowth, a concentration series of NAA was tested using nodal
segments of the genotype Crossway (Figure 6.4A). Both at 3 days and 7
days after detachment of the nodal segments, a significant inhibition of
bud outgrowth was observed for 0.5µM NAA and 1µM NAA. Therefore,
the lowest active concentration of 0.5µM NAA was applied to detached
nodal segments of the six genotypes (Figure 6.4B). When comparing the bud
lengths between untreated (control) buds and treated buds, the treated buds
of all genotypes were significantly inhibited, indicating a working response
mechanism to auxins.
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Figure 6.4: Effect of NAA on outgrowth of buds on detached nodal segments. (A) Dose
response of Crossway buds to NAA up to 7 days after node detachment. Figures are mean
± SE for 18-20 buds per treatment. At 7 days, a statistically significant effect on bud
outgrowth was observed with 0.5µM or higher (P < 0.05, Tukey HSD or Games-Howell).
(B) Effect of 0.5µM NAA on bud outgrowth in six red clover genotypes at 7 days after
node detachment. Figures are mean ± SE for 10-15 buds per treatment. Stars indicate a
statistically significant difference between untreated and treated buds (P < 0.05, Tukey
HSD or Games-Howell). (C) Effect of 0.1 and 1µM NAA on bud outgrowth in three red
clover genotypes at 7 days after detachment. Figures are mean ± SE for 12-15 buds per
treatment. The letters a, b and c indicate the significance groups for a comparison within
one genotype (P < 0.05, Tukey HSD or Games-Howell).
Hp and No.16 had different architectural characteristics than the other geno-
types i.e. respectively an elongating main axis and the presence of accessory
branches (Chapter 3), and they responded strongly to exogenous auxin ap-
plication (Figure 6.4B). Due to their deviating architectural characteristics,
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we expected a larger hormonal difference in these genotypes. Therefore, for
these two genotypes and for Crossway, as a reference, we tested the effect
of two additional NAA concentrations: 0.1µM and 1µM (Figure 6.4C).
We observed a dose-dependent effect on the level of inhibition by NAA.
At 1µM NAA, the inhibition was complete in these three genotypes. We
could conclude that the auxin response mechanism is functional in all six
genotypes, but that there is a difference in the sensitivity to this hormone;
Hp is less sensitive to NAA than Crossway and No.16, as indicated by the
higher doses required to significantly inhibit bud outgrowth. This could po-
tentially explain the tendency for the main axis to elongate before the time
of flowering in this genotype. For the other genotypes, there is no direct
relation between architectural characteristics and response to NAA.
Also for the synthetic strigolactone GR24, the lowest concentration with
an effect on bud outgrowth was determined using a concentration series on
nodal segments of Crossway (Figure 6.5A). Seven days after node detach-
ment, the lowest concentration that caused a significant inhibition of bud
outgrowth was 5µM GR24. After applying this concentration to detached
nodal segments of the six genotypes, a significant inhibition was observed
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Figure 6.5: Effect of GR24 on outgrowth of buds on detached nodal segments. (A) Dose
response of Crossway buds to GR24 up to 7 days after node detachment. Figures are
mean ± SE for 20 buds per treatment. At 7 days, a statistically significant effect on bud
outgrowth was observed with 5µM or higher (P < 0.05, Tukey HSD or Games-Howell).
(B) Effect of 5µM GR24 on bud outgrowth in six red clover genotypes at 7 days after
node detachment. Figures are mean ± SE for 14-15 buds per treatment. Stars indicate a
statistically significant difference between untreated and treated buds (P < 0.05, Tukey
HSD or Games-Howell).
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in all genotypes except for Rubitas, although also in this genotype there
was a trend towards inhibition (Figure 6.5B). We could thus conclude that
there is no defect in the response mechanism to strigolactones.
6.4 Discussion
In the hormonal control of bud outgrowth, four processes play a role: syn-
thesis of hormones, transport from the place of synthesis to the place of
action, possible degradation, and response (receptivity) to these hormones
to stimulate or inhibit bud outgrowth. The experiments presented here
were designed to test the functionality of hormone synthesis and hormone
response of buds to different hormones in six red clover genotypes. Poten-
tial inter-genotype differences in hormonal transport and degradation were
not considered here. For strigolactones, the transport is usually tested by
analysing the concentration in xylem sap of the stem, as for example shown
in tomato (Kohlen et al., 2011a). To have an indication of the level of
degradation, hormone levels in the buds could be determined. However,
these measurements are not straightforward, and in some cases even im-
possible due to their low concentrations. Therefore, these factors were not
tested here.
To the best of our knowledge, this is the first report on the endogenous auxin
concentration and on the effect of exogenous application of auxin and/or
strigolactone to detached nodal segments in red clover. Experimental data
on orobanchol levels in exudates of red clover have previously been published
(Sato et al., 2003; Yoneyama et al., 2007b).
6.4.1 Endogenous levels of auxins and strigolactones in
red clover
The most important auxin produced by plants is indole-3-acetic acid (IAA).
It plays a role in a number of developmental processes such as embryoge-
nesis, apical dominance, lateral root formation and vascular differentiation
(Dai et al., 2006). The genotypes Hp and No.16 had other architectural
characteristics than the other four genotypes (an elongating main axis, and
the formation of accessory branches), and are therefore possibly affected
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in their auxin biosynthesis. It has also been shown that growth is regu-
lated by changes in the concentration of endogenous auxin and that auxins
inhibit bud outgrowth (Crawford et al., 2010; Haga & Iino, 1998). There-
fore, we investigated whether variations in the concentration of auxins in
the red clover genotypes could be linked to the variation in their branch-
iness. However, only small differences in endogenous auxin concentration
were observed for the six genotypes analysed here. The only significant dif-
ference was observed between Diplomat and Rubitas, two poor branching
genotypes. We concluded that none of the six genotypes were defective in
auxin synthesis and that no direct relation exists between auxin levels and
branchiness. However, the relation can be indirect: the auxins can have
an influence on the transport of auxins out of the bud, or they can stim-
ulate/inhibit strigolactone/cytokinin biosynthesis; each of these processes
can be different in the six genotypes.
In red clover, the strigolactones orobanchol and orobanchyl acetate are pro-
duced (Xie et al., 2008). Both compounds function as germination stimu-
lants for root parasitic plants and as signals for symbiosis with AM fungi
(Akiyama et al., 2010; Xie et al., 2009; Yoneyama et al., 2007b). Orobanchyl
acetate is formed by the acetylation of the hydroxyl group of orobanchol,
which results in a significant reduction of the germination-stimulating ac-
tivity for root parasitic plants and of the hyphal branching of the AM fungi
(Akiyama et al., 2010; Xie et al., 2009). To our knowledge, no differences
have been found so far in the activities of both compounds in the control over
shoot branching. In our experiments, we observed more orobanchol in the
exudates than orobanchyl acetate, relative to the detected levels of strigo-
lactones in the roots. This might relate to the higher activity of orobanchol
in symbiosis with AM fungi, and can hint at the higher activity of oroban-
chyl acetate in shoot branching, since this component is not exuded and
should thus be used elsewhere.
Published results on orobanchol levels in exudates of red clover (approx-
imately 60-270 pg/g presented in Sato et al. (2003); approximately 80-
220 pg/g presented in Yoneyama et al. (2007b)) are comparable with our
observations (approximately 35-240 pg orobanchol/g roots). However, in
Yoneyama et al. (2007b), when no phosphorus was added to the culture
medium, much higher concentrations of orobanchol were measured (ap-
proximately 700 000 pg/g over 8 days). This indicates that the response
to phosphorus deficiency of plants in our experiment was less strong than
that of the plants described by Yoneyama et al. (2007b). In all genotypes,
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orobanchyl acetate levels were higher than orobanchol levels. Orobanchyl
acetate is the less active form to induce hyphal branching in AM fungi and
AM fungi help the plant by improving the uptake of inorganic phosphate
(Akiyama et al., 2010; Kohlen et al., 2011b). The higher orobanchyl acetate
levels could thus indicate that, despite the lack of phosphorus in the water-
ing solution, the plants had no phosphorus shortage and thus the stimuli for
symbiosis with AM fungi were not large. This would explain the less strong
response to phosphorus shortage and is possibly related to the kind of plant
materials used: mature plants in our case which had possibly high reserves
of phosphorus in their roots and shoots, versus seedlings by Yoneyama et al.
(2007b).
Significant differences were found among the six genotypes studied for the
concentration of the two strigolactones, both in root tissues and in root
exudates. With the exception of genotype No.16, higher concentrations
of strigolactones in the roots generally corresponded with higher concen-
trations in the exudates. The poorly branched genotypes Rubitas, Hp and
No.16 displayed the lowest concentrations in their roots. However, the inter-
genotype differences for strigolactone concentrations were not (directly) re-
lated to their architectural characteristics given that strigolactones suppress
bud outgrowth. For example, if strigolactones had a major negative influ-
ence on branching in red clover, we would expect a low concentration in
the highly branched genotypes Crossway and Lemmon, and a high concen-
tration in Rubitas, but the opposite was the case. Our observation of high
branching/high strigolactone concentrations is in contrast with published
reports demonstrating a clear relationship between high strigolactone con-
centration in the roots and low branching in rice and tomato (Jamil et al.,
2011; Vogel et al., 2010).
The inter-genotypic differences in the level of strigolactones in the exudate
relative to those in the root tissues are intriguing. This is an indication of
a selectivity in the transport of strigolactones to the rhizosphere (to attract
AM fungi) or to the shoot (to inhibit branching), in line with the conclu-
sions of Jamil et al. (2011). Differentiation in transport to the shoot or
the rhizosphere could be biologically meaningful because different strigo-
lactones exhibit different activities in the biological processes they control
(Jamil et al., 2011). The extremely high levels in root exudates of No.16
can be due to the high variation between biological replicates which might
be related to differences in the rhizosphere of one of the plants, or might
indicate high transport levels to the rhizosphere due to a high expression of
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the strigolactone transporter PDR1 (Kretzschmar et al., 2012). The latter
would result in low endogenous concentrations in roots and shoots, explain-
ing the high capacity for outgrowth of the accessory buds in this genotype.
This merits further investigation.
Finally, a relation was found between the expression level of strigolactone
biosynthesis genes and the orobanchol and orobanchyl acetate concentra-
tion in red clover roots. Also, the expression levels of these genes in roots
determined in Chapter 5 related to the detected strigolactone levels. A re-
markable high correlation was found with the TpMAX1-1 and TpMAX1-2
genes and thus appear to be the rate limiting step. TpMAX1-2 was sug-
gested to be the functional ortholog of AtMAX1 (Chapter 5). Kohlen et al.
(2011b) already mentioned that strigolactone biosynthesis in higher plants
would be MAX1 dependent. Additionally, non-synonymous polymorphisms
in the functional domain of TpMAX1-1 in Diplomat, Rubitas, Hp and No.16
(Chapter 5) can relate to the observed low levels of strigolactones in root
tissues of these four genotypes.
6.4.2 Response of detached buds of red clover to auxin
or strigolactone application
The exogenous application of hormones to detached nodal segments is an
elegant approach to investigate the capacity of individual buds to respond
to different levels of hormones, and is frequently used (Chatfield et al.,
2000; Crawford et al., 2010; Liang et al., 2010; Ward et al., 2013). The
results of application of hormones to buds on intact plants are more difficult
to interpret, because of the influence of endogenous hormones. Therefore,
detached nodal segments were used. In red clover, these experiments were
performed to study the functionality of the response of buds to auxins and
strigolactones in the six red clover genotypes. Potential deviations could be
an explanation for the varying branching phenotypes.
Bud outgrowth was inhibited in all genotypes after exogenous application
of NAA, indicating a functional response. Inhibition of bud outgrowth was
expected for NAA, and was already shown in similar experiments in A.
thaliana and chrysanthemum (Chatfield et al., 2000; Liang et al., 2010).
The buds of genotype Hp were less sensitive to NAA than buds of No.16 and
Crossway. This is also reflected in the lower expression levels of TpAXR1
in Hp in detached nodal segments at 0 h and 4 h after node detachment
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(Chapter 5). However, at 24 h after node detachment, expression levels
were higher in Hp than in Crossway and No.16, and TpTIR1 expression
levels could not be related to the differences in sensitivity to NAA. Accord-
ing to Ward et al. (2013), who did similar experiments on detached nodal
segments of willow, the lower sensitivity of buds of Hp to NAA would sug-
gest a weaker inhibitory effect of an active apex upon the axillary branches.
This would imply that this lower sensitivity is thus possibly related to the
tendency of the main axis to elongate. However, to confirm this statement,
the effect of auxins on outgrowth of buds on intact plants should be studied.
Bud outgrowth was inhibited in all genotypes except Rubitas after appli-
cation of GR24, indicating a functional response. Rubitas was thus not
responsive to the tested concentration of strigolactones. For buds of A.
thaliana and chrysanthemum, Crawford et al. (2010) and Liang et al. (2010)
reported an inhibition by GR24 only when NAA was simultaneously applied,
from which it was concluded that GR24 is only effective in the presence of
a competing auxin source. This statement was contradicted by our results
and by a more recent publication by Dun et al. (2013) who did observe an
inhibition of bud outgrowth in pea by GR24 alone. They concluded that
strigolactones only prevent the outgrowth of small buds, and reduce the
growth of small growing branches (Dun et al., 2013), which may explain
the differences found in various experiments. Indeed, we also observed a
less strong inhibition by GR24 when starting with larger buds (data not
shown), and therefore we used very small buds to perform our experiments.
The application of GR24 together with NAA to nodal segments of Crossway
and Diplomat resulted in a stronger inhibition of bud outgrowth compared
to GR24 or NAA alone (data not shown). Therefore, the inhibition of bud
outgrowth in Rubitas might be significant when both hormones are applied
simultaneously. This would indicate that in this genotype a competing auxin
source is necessary for proper function of GR24. To have an indication of
differences in sensitivity to strigolactones which might explain the variation
in branching among the six genotypes, it would be advisable to test the
effect of other GR24 concentrations on bud outgrowth.
6.5 Conclusion
The auxin and strigolactone biosynthesis pathways, and the response of bud
outgrowth to both hormones is functional in the six red clover genotypes.
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The differences among the six genotypes in hormone concentration and sen-
sitivity can cause the observed architectural differences. However, these
can also be due to differences in hormone transport and/or degradation, or
other interacting components.
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General conclusions &
perspectives
Chapter 7
In this chapter, a summarising answer is formulated for the research ques-
tions defined in Chapter 1 and a conclusion is provided about the validity
of the corresponding hypotheses. Further, various aspects of the preceding
chapters are discussed and suggestions for future research are given.
7.1 Hypothesis 1: The spatiotemporal
dynamics of node formation and bud
outgrowth determine to a great extent
the shoot branching characteristics of
red clover plants
Which methodology can be applied to differentiate and quantify
the effects of meristem initiation, node formation and bud out-
growth on shoot architecture in crops with complex shoot archi-
tecture as red clover?
An easily applicable method was developed for the spatiotemporal descrip-
tion and quantification of branching patterns in crops with diverse mor-
phologies. This method was based on previous reported methods used to
describe shoot architecture in for example Medicago truncatula (Moreau
et al., 2006). Our method allows the separate analysis of various factors
contributing to branching differences. We combined characteristics at the
level of the individual branch or branching order and at the level of the
plant, and studied plants at similar developmental phases.
The process of meristem initiation was not investigated here, since we could
only observe buds in the leaf axils of red clover plants and not meristems
in our analysis. We focused on the processes of node formation and bud
outgrowth. Three characteristics related to the process of node formation
were studied: per first-order branch: the number of nodes, the phyllochron
and the duration of phytomer production. Four characteristics were stud-
ied in relation to bud outgrowth: number of first-order branches, number
of second-order branches per first-order branch, outgrowth percentage per
node and lag time to bud outgrowth.
For which particular aspects of node formation and bud outgrowth
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do red clover genotypes with contrasting architectural character-
istics differ?
The six red clover genotypes differed in the number of nodes, the number of
branches and the outgrowth percentage per node. Also, the duration of phy-
tomer production was short in Lemmon, Diplomat and Hp, and long in the
prostrate genotypes Crossway, Rubitas and No.16. Thus, a longer duration
of phytomer production per branch in the prostrate genotypes leads to more
nodes (and potentially also to more branches). We observed significant dif-
ferences for the lag time to bud outgrowth which was larger in Rubitas than
in Lemmon, Crossway and Hp, indicating a slow bud outgrowth in Rubitas.
A difference in lag time to bud outgrowth was not observed in Chapter 2
where only the two genotypes Crossway and Diplomat were compared. This
indicates that analysing more genotypes means more variability and thus a
higher chance to find differences for other characteristics.
What is the importance of meristem initiation, node formation
and bud outgrowth to explain branching differences in red clover?
At least one bud at each leaf axil was observed in the six red clover genotypes
investigated here. We therefore considered the process of meristem initiation
to be functional, and not to be related to the branching differences in these
genotypes.
As described above, inter-genotype differences are not only due to differences
in the number of nodes formed (node formation), but also to differences in
the percentage of nodes that grow out (bud outgrowth). Estimating the rel-
ative importance of these two processes to explain the observed differences
was impossible using the methodology developed in this study as node for-
mation and bud outgrowth are strongly related to each other, and a higher
outgrowth percentage per node can result in a higher number of nodes.
Are these results generalizable to perennial ryegrass, a grass for-
age crop exploited in a similar way as red clover in agricultural
systems, but from a different plant family?
Also in perennial ryegrass, node formation and bud outgrowth are the most
relevant processes to explain inter-genotype branching differences.
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Differences in branching between forage and turf types arise mainly from
differences in the capacity for node formation. Number of nodes, number
of branches, outgrowth percentage per node and lag time to bud outgrowth
differentiated the investigated forage genotypes. We therefore conclude that
among forage types besides node formation, also bud outgrowth partly ex-
plains inter-genotype differences.
Conclusions and future research
Significant differences were found among the six red clover genotypes for
most of the analysed characteristics. This indicates that it might be possi-
ble to improve these characteristics through breeding. However, one should
keep in mind the strong inter-relationships among all these characteristics.
Even if we were not able to determine the relative importance of the dif-
ferent processes in red clover, we can conclude that hypothesis 1 is valid.
A functional-structural plant model for shoot architecture in red clover as
described by Evers (2011) for other species would provide further insights
in red clover architecture. This is a modelling approach to simulate plant
growth and development (Evers, 2011) that could also be used to determine
the relative importance of the different processes in red clover, to predict
shoot architecture of new red clover genotypes, or to simulate the pheno-
typic consequences of selection for particular architectural characteristics.
To be able to build such a model, extra detailed measurements in dedicated
experiments are necessary such as the size and position of leaves and in-
ternode lengths. These measurements can either be done manually, or in a
more automated manner by for example photographs or lasers.
7.2 Hypothesis 2: Shoot branching charac-
teristics have a strong influence on the
regrowth in red clover
How strong is the influence of growing conditions on the architec-
tural characteristics of red clover plants?
In Chapter 2, the two contrasting genotypes Crossway and Diplomat were
analysed both under controlled conditions and open air. Despite the larger
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number of nodes and branches formed in open air, consistent architectural
types were observed in both conditions. Also when analysing six genotypes
in free growth under controlled and field conditions (Chapter 3), consistent
results were obtained. We can thus conclude that growing conditions in-
fluence the size of the plants, but not their architectural type. Therefore,
there is an important genetic component in the regulation of branching in
red clover, and progress through breeding is thus possible.
Which architectural characteristics do relate to regrowth? Is this
consistent in different environments and/or under different man-
agements?
Important architectural characteristics for the regrowth of a plant after cut-
ting are the number of nodes in the basal 7 cm and the outgrowth capacity
of the buds in this zone. The number of nodes in the basal zone that remains
after mowing is influenced by the internode length and by the number of
first-order branches. In this research, the internode length was not mea-
sured directly but was deduced from the number of nodes in the basal 7 cm.
In the future, these results should be confirmed in experiments in which the
internode lengths in this zone are effectively measured. The increase in the
number of nodes in the basal zone in two weeks time was used here as an
estimate of the regrowth capacity. However, a large number of nodes in the
basal zone and a strong increase in the number of nodes two weeks after
cutting do not always result in a high biomass yield at the following cut.
This is mainly due to the important effect of the outgrowth capacity of the
buds. Only the combination of these three characteristics provides insight
into the regrowth behaviour of the different genotypes.
Additionally, the presence of accessory buds can be a source for regrowth
after grazing or mowing depending on the outgrowth capacity of the plant.
Although Diplomat produced the highest number of accessory buds, no
branches developed from the nodes in the basal 7 cm. The actual contribu-
tion of the accessory buds to regrowth after cutting has not been studied in
detail. This can, however, be an important characteristic in the regrowth
of other genotypes/cultivars with a good outgrowth capacity of buds in the
basal zone. This can be investigated by studying the presence of accessory
buds, and their potential growth after cutting.
After cutting, the ranking of the six genotypes was consistent with regards
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to the number of branches and the dry matter yield in different conditions
(under controlled and field conditions; and with and without competition
with perennial ryegrass) and in multiple growing seasons. This indicates
that also for regrowth there is an important genetic component and that it
is possible to identify genotypes with consistent good capacity to regrow.
Can we define an architectural prototype with an optimal re-
growth after cutting? Can we recommend architectural charac-
teristics that can be used in red clover breeding?
After cutting, architectural type 1 (Lemmon) and 2 (Crossway) have a high
number of first-order branches, short internodes and are able to resume
growth from the nodes that remain in the uncut zone. This results in a
high biomass yield at the time of the following cut.
Selecting for short internodes, a high number of (first-order) branches and
the ability to resume growth from the nodes that remain in the basal zone
after cutting, would result in genotypes that are more tolerant to recurrent
cutting. Given the high and significant correlation between the number of
first-order branches and the dry matter yield after the first cut, selecting
for this relatively easy-to-evaluate trait, in combination with observation of
internode length, could be the most appropriate criteria in breeding appli-
cations. Selecting for plants with a high outgrowth capacity of the buds
in the basal zone after cutting is also important. However, this is a very
labour-intensive characteristic and therefore not easy to measure in the field.
A solution can be to determine the outgrowth capacity of the buds in the
basal zone on only three first-order branches instead of on all first-order
branches, what would probably provide a good estimation of this trait.
The current breeding program of red clover at ILVO includes one cycle of
mass selection and three cycles of family selection. Already during the first
cycle of family selection one can select for plants with a good regrowth by
evaluating the above mentioned characteristics. Once molecular markers
for the different parameters have been found, these could replace the phe-
notypic measurements to reduce the time needed for selection of desirable
plants.
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Conclusions and future research
From the answers to these three research questions, we can conclude that
hypothesis 2 is valid. In our experiments, a clear relationship was found
between shoot architecture and regrowth. However, additional experiments
including a larger number of genotypes are required to confirm these find-
ings. Studying regrowth for a longer period (e.g. four seasons) would give
an indication of persistence, which was not evaluated in this PhD thesis.
In addition, the analysis of persistence would benefit from the analysis of
below-ground characteristics such as the root architecture. Here, we have
only studied the influence of competition with perennial ryegrass. How-
ever, competition with other grass species or with other red clover plants
in a sward might have different consequences. Therefore, it would also be
interesting to study regrowth under these more realistic conditions. For
example, in ongoing research at ILVO, it was observed that on a plot with
Lemmon, Crossway and perennial ryegrass cultivars, the Crossway plants
(highly branched, prostrate) were outcompeted by the Lemmon plants (less
branched, erect) and disappeared from the plot after three seasons under
a mowing regime (personal communication by Gerda Cnops, ILVO). Fi-
nally, the number of nodes that remain after cutting is highly influenced by
the cutting height. In our experiments, the optimal cutting height for red
clover, as suggested by Latre´ et al. (2007), was used. Adapting the cutting
height to the particular characteristics of the cultivar can improve its per-
formance, but when grown in mixtures one should also take into account
the optimal cutting height of for example the accompanying grass species.
Also for the analysis of the link between architectural characteristics and
regrowth, a functional-structural plant model could help similarly to what
has been done in perennial ryegrass (Verdenal, 2009).
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7.3 Hypothesis 3: The extensive body of
knowledge on strigolactone biosynthesis
and signalling in Arabidopsis thaliana can
be used to understand branching in red
clover
Which effects do mutations in strigolactone biosynthesis and sig-
nalling genes have on node formation and bud outgrowth, when
quantified according to the methodology proposed in this thesis
for red clover?
Analysis of architectural characteristics of four max mutants of A. thaliana
confirmed that strigolactones influence the process of bud outgrowth, as
was already previously described by Booker et al. (2004, 2005), Sorefan
et al. (2003) and Stirnberg et al. (2002). We showed that the four studied
mutants had a higher total number of branches, a higher number of first-
order branches from the rosette and a higher outgrowth percentage per node
of nodes in the rosette.
Additionally, for the mutants max2-1, max3-9 and max4-1, we showed that
strigolactones are not only involved in bud outgrowth, but possibly also in
the process of node formation. These mutants have a higher total number
of nodes, and a higher number of nodes in the rosette, indicating a longer
duration of phytomer production. We also observed an earlier appearance
of the first-order branches from the rosette in max2-1, max3-9 and max4-1,
indicating an earlier bud formation.
Given the knowledge generated in Arabidopsis thaliana, which is
the expected influence of strigolactone biosynthesis and signalling
genes on branching in red clover?
Given the outcrossing nature of red clover, the creation of collections of
homozygous mutant lines is almost impossible. This means that functional
analyses of candidate genes involved in particular developmental processes
should rely on genotypes with contrasting phenotypes. This analysis is how-
ever not straightforward, as in contrast to the comparison wild type-mutant
in which ideally one single gene has been perturbed, in the comparison
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genotype-genotype multiple genes, possibly from different pathways, differ
between the genotypes compared. In this situation, the analysis of phe-
notypic characteristics of mutants for particular genes of a representative
model species represents a nice complement to the analysis in the crop as
demonstrated here. Clear parallelisms were found between the phenotype of
the six red clover genotypes and the A. thaliana strigolactone biosynthesis-
signalling mutants. In both species, higher branching is associated with
a higher outgrowth percentage per node, a higher number of nodes and
a longer duration of phytomer production. Another similarity is the out-
growth of more branches in the basal zone of the highly branched max
mutants and the highly branched red clover genotypes. In the A. thaliana
max mutants, these phenotypes originate from mutations in genes of the
strigolactone pathway. Therefore, the strigolactone pathway is a good can-
didate pathway to explain part of the variation in plant architecture of red
clover.
Conclusions and future research
We can thus conclude that, based on phenotypic similarities, knowledge
on strigolactones from model species such as A. thaliana can be used to
understand branching of crops such as red clover. Hypothesis 3 is thus
valid. Future research can include the study of architectural characteristics
of other branching mutants in model species, including legumes such as M.
truncatula, to analyse potential similarities between their phenotype and
that of red clover, and to indicate the potential relevance of orthologs of the
respective genes in determining red clover architecture.
7.4 Hypothesis 4: Branching differences in
red clover can be linked to differences at
the level of gene expression and DNA-
sequence diversity
Which are the orthologs of Arabidopsis thaliana branching genes
in red clover?
Based on the results of Chapters 2 to 4, thirteen A. thaliana genes involved
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in the initiation of axillary meristems, bud dormancy and bud outgrowth
were selected for analysis. For these genes, at least part of the red clover
genomic sequence was obtained: TpREV, TpDRM1, TpPIN1, TpAXR1,
TpTIR1, TpCRE1, TpD27, TpMAX4, TpMAX1-1, TpMAX1-2, TpD14,
TpMAX2 and TpBRC1. Their orthology was confirmed using two indepen-
dent approaches: phylogenetic and gene expression analyses. For all the
genes studied, except MAX1, one ortholog was identified in red clover. For
the A. thaliana MAX1 gene, two red clover orthologs were identified, cor-
responding to the two orthologs previously described in M. truncatula. The
used methodology to identify orthologs in red clover is highly reliable. How-
ever, to confirm the function of the red clover orthologs, complementation
experiments in the corresponding mutants of A. thaliana and/or M. trun-
catula should be performed.
Which role do these genes fulfil in bud outgrowth? Can temporal
changes in gene expression after induction of bud outgrowth be
linked to architectural differences?
Three main patterns of gene expression were observed after induction of bud
outgrowth by detachment of the nodes. After induction of bud outgrowth,
the temporal dynamics of each of the 13 analysed genes were rather similar
in the six genotypes. This suggests that, once the bud has been stimulated to
grow out, similar changes occur in different genotypes, and that other factors
underlay the inter-genotype phenotypic differences or that differences occur
before and/or after bud outgrowth.
Some inter-genotypic differences in expression level were observed during
the early stages of bud outgrowth for the genes TpAXR1, TpTIR1 and
TpMAX1-2. The differential expression levels of TpTIR1 could not be ex-
plained based on its function in the auxin pathway. Since strigolactones
might promote branching when auxin transport levels are low (Shinohara
et al., 2013), the differential expression levels of TpAXR1 and TpMAX1-2
might relate to the high number of branches in respectively Lemmon and
Crossway if auxin transport levels were low in each of these genotypes.
Can the branching differences in red clover be linked to differ-
ences at the level of gene expression?
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To study a possible relation between genetic factors and branching phe-
notype of red clover, we chose to perform expression and polymorphism
analyses for a number of genes in a number of genotypes. An alternative
would have been to carry out QTL analyses in a pedigree. However, a dis-
advantage of QTL analysis using bi-parental populations is the limitation
in the amount of genetic variation that is analysed. On the other side, that
kind of analysis would have allowed a higher level of resolution given the
higher kinship among the compared genotypes than among the six unrelated
red clover genotypes used in this PhD thesis. However, our main objective
was in a first step to focus on contrasting phenotypes to develop a concep-
tual framework for the phenotypic and genotypic analysis of architectural
characteristics in red clover, and to understand which are the main mech-
anisms behind these processes. In a later step, more detailed analyses in
pedrigrees would follow, in combination with screening a larger set of geno-
types with an even higher level of phenotypic diversity. These genotypes
could then be grouped according to their shoot architecture and a relation
could be established between the presence of particular polymorphisms in
known branching genes and their phenotypes in allele-mining approaches
(Kumar et al., 2010).
Differences in the regulatory elements were studied indirectly by gene ex-
pression analyses. A number of differences in gene expression were observed
among Lemmon, Crossway, Diplomat and Rubitas, in roots, internodes and
nodes. Only part of these differences could be related to the variations in
branchiness of the genotypes.
Contrasting results were observed for expression levels of TpAXR1 and
TpD27 between Lemmon and Crossway, in respectively roots and intern-
odes. We therefore suggest that the lower number of branches of Lemmon
might be due to differences in expression levels in the internodes rather than
in the roots. The higher expression of TpD27 in internodes of Lemmon
than in those of Diplomat and Rubitas would relate to the higher num-
ber of branches in Lemmon if Lemmon had lower levels of auxin transport
resulting in the promotion of branching by strigolactones.
TpBRC1 expression levels were higher in Crossway than in Lemmon and
Diplomat in the internodes; and were higher in Crossway than in all other
genotypes in the nodes. However, in pea it was suggested that PsBRC1
transcript levels do not simply correlate negatively with the activity of axil-
lary buds (Braun et al., 2012). Therefore, we cannot make any conclusions
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about the relation between expression levels of TpBRC1 and shoot branch-
ing in red clover.
Can the branching differences in red clover be linked to DNA-
sequence polymorphisms in the exonic regions of these genes?
For six red clover genes, TpD27, TpMAX4, TpMAX1-1, TpMAX1-2, Tp-
MAX2 and TpBRC1, polymorphisms were found both in the exonic and
intronic sequences. In our analysis, we focused on non-synonymous poly-
morphisms in domains important for the gene function. For TpMAX1-1,
two non-synonymous polymorphisms were observed: one in Diplomat, and
another in Diplomat, Rubitas, Hp and No.16. These four genotypes are all
poorly branched. For TpBRC1, two non-synonymous polymorphisms were
observed in the TCP domain in Lemmon, Diplomat and Rubitas. The poly-
morphisms observed in these genes can alter the protein function, stability
and/or activity, and can consequently have an influence on the branching
phenotype of the plants.
Conclusions and future research
We observed differences in the expression levels of a number of genes among
four of the six red clover genotypes. These genes (TpAXR1, TpTIR1,
TpD27, TpMAX1-2 and TpBRC1 ) are thus possibly important in deter-
mining the branching differences in red clover. Also, non-synonymous poly-
morphisms were observed in functional domains of TpMAX1-1 and Tp-
BRC1, which can cause the variations in branching. We can thus conclude
that hypothesis 4 is valid, but future research is certainly required. This
should focus on the presence of polymorphisms in additional genes related
to branching. The first red clover genome sequence draft should be avail-
able soon, and next generation sequencing can help to speed up the process
of polymorphism identification in a large number of genes and genotypes,
similarly to the evolution that is observed in other forage crops such as
Lolium perenne. In addition, as the variations in gene expression can be an
indication of polymorphisms in the regulatory elements, it would be inter-
esting to obtain the promoter sequences and/or sequences of the regulatory
genes of the red clover genes for which variations in expression levels were
detected here. Finally, the identified polymorphisms should be analysed
in a larger number of genotypes. In this way, an association could be es-
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tablished between the presence of a certain polymorphism and a certain
architectural characteristic of a plant. If a good association has been found,
this polymorphism can then be used as a marker in the future breeding of
red clover.
7.5 Hypothesis 5: Differences in auxin
and/or strigolactone biosynthesis and/or
signalling explain branching differences in
red clover
What are the concentrations of auxin and strigolactones in tissues
of different red clover genotypes?
Significant differences in auxin concentrations were only detected between
Rubitas and Diplomat. We can thus conclude that none of the six genotypes
is defective in auxin biosynthesis. However, screening of more genotypes
could possibly reveal more differences at this level.
We observed differences among the six genotypes for the levels of oroban-
chol and orobanchyl acetate in root tissues. Not only the levels of strigo-
lactones produced in the roots were different, also the percentage present
in the exudate was different. This may indicate differences in the amount
of strigolactones reaching the buds, and thus the level of inhibition of bud
outgrowth. The differences in concentration of strigolactones present in
the exudates might also indicate differences in the strigolactone transporter
PDR1 among the genotypes (Kretzschmar et al., 2012). This deserves fur-
ther scrutiny in future research.
Do nodes of genotypes with different architectural characteristics
differ in their response to auxin and/or strigolactone application?
In all genotypes, bud outgrowth was inhibited by exogenous auxin applica-
tion, indicating a working response mechanism to this hormone. Interest-
ingly, differences in sensitivity were detected among the genotypes: buds
of Hp were less sensitive for auxin treatment than those of Crossway and
No.16. This could imply that the lower sensitivity in Hp is related to the
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tendency of the main axis to elongate. To confirm this statement, the effect
of auxins on outgrowth of buds on intact plants should be studied.
The inhibition of bud outgrowth by strigolactone application was significant
in all genotypes except in Rubitas, indicating a functional response mech-
anism to strigolactones. Although not investigated here, the inhibition of
bud outgrowth in Rubitas might be significant when both strigolactones and
auxins are applied simultaneously. If this is confirmed in future research,
as demonstrated in A. thaliana and chrysanthemum (Crawford et al., 2010;
Liang et al., 2010), it would indicate that in this genotype a competing
auxin source is necessary for proper function of the strigolactones.
Are these differences related to the architectural characteristics?
No direct relation could be found between auxin levels and branchiness. Also
for the variation in strigolactone concentrations among the six genotypes,
no relation was found with the branchiness of the plants. Nevertheless, it
seems that the highly branched genotype Crossway consistently had high
levels of strigolactones. The differences in expression levels of branching
genes studied in Chapter 5 could only relate to the differences in branching
if Crossway had lower levels of auxin transport than Lemmon, and Lemmon
had lower levels than Diplomat and Rubitas. This would indicate that
the observed high levels of strigolactones in Crossway lay at the basis of
the high number of branches in this genotype if strigolactones promote
branching in this background of low auxin transport. Additionally, the
high levels of strigolactones in root exudates of No.16 are possibly related
to the outgrowth of the accessory buds.
Buds of Hp were less sensitive to exogenous auxin application than those of
Crossway and No.16. This could potentially explain the tendency for the
main axis to elongate in Hp. For the other genotypes, there is no direct rela-
tion between architectural characteristics and response to exogenous auxins.
Conclusions and future research
We can thus conclude that there are differences among the six genotypes,
for the levels of auxins and strigolactones, and for the sensitivity of the
buds to auxins. Therefore, both processes can have an influence on the
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branchiness in the six studied genotypes. However, we cannot indicate a
clear relationship. A relationship between strigolactone concentration and
branchiness can be indicated if strigolactones not only inhibit but also pro-
mote branching depending on the auxin transport levels in the plant, as
demonstrated by Shinohara et al. (2013). In conclusion, hypothesis 5 is
partly valid, but given the complexity of the relationships among the dif-
ferent pathways and the complexity of the analysis of red clover genotypes,
the regulation of branching in red clover deserves further research. Auxin
concentrations were only determined in leaves, while strigolactone concen-
trations were only determined in roots. It would also be interesting to
analyse these concentrations in other tissues, for example in the internodes
and buds, because in a final step bud outgrowth is regulated in these tissues.
Also other concentrations of strigolactones should be applied to the buds, to
study potential differences in sensitivity to this hormone. To test potential
differences in sensitivity to auxins in Lemmon, Diplomat and Rubitas, other
concentrations of auxins should also be applied to buds of these genotypes.
7.6 Conclusion: How is branching determined
in the six red clover genotypes?
This is a very complex question and therefore no simple answer can be for-
mulated, especially because we analysed unrelated genotypes with extreme
branching phenotypes. As a result, the number of genetic differences be-
tween genotypes is too large to be able to assign a particular phenotype to
the function or polymorphism in a particular gene. We might have obtained
a more clear answer if genotypes with more phenotypic resemblance (i.e. a
QTL mapping population) would have been chosen and if more genes would
have been analysed. Anyhow, the results generated in this PhD thesis rep-
resent a significant contribution to our understanding of the relevance of
architectural characteristics in red clover and the different parameters that
influence the final shoot branching architecture in this species.
Phenotypic differences among genotypes of one species are caused by varia-
tions in activity of the regulatory elements and in protein function, activity
and/or stability, caused by polymorphisms in the corresponding sequences
(Keurentjes et al., 2008). Variations in the regulatory elements can result
in variation in gene expression and consequently in variation in protein lev-
els. Variation in the proteins (concentration, function and/or stability) may
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result in variations in hormone concentrations, hormone transport and the
response to these hormones. Branching in red clover can be influenced at
each of these levels. The concentration of auxins was studied by measur-
ing the concentration of IAA in leaves; the concentration of strigolactones
was studied by analysing expression levels of the strigolactone biosynthesis
genes (TpD27, TpMAX4, TpMAX1-1 and TpMAX1-2 ), analysing the pro-
tein function of these genes and measuring the concentration of orobanchol
and orobanchyl acetate in roots. As shown in Chapter 6, TpMAX1-1 and
TpMAX1-2 appear to be the rate limiting step in strigolactone biosynthesis.
Also the differential expression of these genes in various tissues (Chapter 5)
corresponded with the differences in strigolactone concentration (Chapter
6). Therefore, differential expression for the strigolactone biosynthesis genes
will not be discussed separately. The transport of auxins was only studied by
analysing expression levels of TpPIN1. However, no significant differences
were observed among any of the six genotypes. The transport of strigolac-
tones was not studied at all. Finally, the response to auxins was studied
by analysing expression levels of TpAXR1 and TpTIR1, and by analysing
the outgrowth of buds after exogenous application of auxins. The response
to strigolactones was studied by analysing gene expression levels (TpD14,
TpMAX2 and TpBRC1 ) and the outgrowth of buds after exogenous appli-
cation of strigolactones. Additionally, strigolactone response was studied
by analysing the protein function of TpMAX2 and TpBRC1. Regarding
the cytokinin pathway, only expression levels of the cytokinin response gene
TpCRE1 were studied (Tables 7.1 and 7.2). Since we cannot make general
conclusions for the six red clover genotypes, we suggest a mechanism for
each genotype separately.
The high and intermediate concentrations of respectively auxins and strigo-
lactones in Lemmon would cause a high inhibition of bud outgrowth. The
higher expression of TpAXR1 and TpTIR1 would suggest a higher sensitiv-
ity to auxins than Diplomat and Rubitas. However, the lower expression of
TpBRC1 and TpD14, and the differing TpBRC1 function and/or stability
might indicate a lower sensitivity of the Lemmon buds to strigolactones.
This lower sensitivity might cause the high number of branches, assuming
that auxins inhibit bud outgrowth indirectly through strigolactones. An-
other possibility is a malfunctioning transport of strigolactones from the
root to the shoot, or the degradation of both auxins and strigolactones
before inhibition of bud outgrowth (not analysed).
Concentrations of both auxins and strigolactones are high in Crossway.
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Buds were more sensitive to auxins than those of Hp, and possibly also
more sensitive than those of Lemmon, because of the higher expression of
TpAXR1. TpD14 and TpBRC1 had contrasting differential expression.
Since TpBRC1 is positioned later in the pathway, we could conclude that
the higher expression of TpBRC1 would result in a higher sensitivity to
strigolactones, and thus possibly in a higher inhibition of bud outgrowth.
However, Crossway is a highly branched genotype. We therefore suggest
that also in this genotype auxins inhibit bud outgrowth indirectly through
strigolactones, and that there is a defect in the transport of strigolactones
to the buds, or a degradation of auxins and strigolactones, resulting in a
low inhibition of bud outgrowth. On the other hand, the high number of
branches in Crossway can also be caused by a promotion of bud outgrowth
by strigolactones if auxin transport levels were low.
Diplomat had respectively high and intermediate levels of auxins and
strigolactones. Despite the lower sensitivity to both hormones (low ex-
pression levels of TpAXR1, TpD14 and TpBRC1, and different TpBRC1
function, activity and/or stability), the high hormone levels seem to be suf-
ficient to inhibit bud outgrowth. Also, the sensitivity to cytokinins was
possibly low (low expression of TpCRE1 ), resulting in a poorly branched
phenotype.
Low levels of both hormones were detected in Rubitas. The sensitivity to
auxins, strigolactones and cytokinins is possibly low. Rubitas is the only
genotype for which a significantly longer lag time to bud outgrowth was
detected. These findings suggest that the branching is inhibited by factors,
other than auxins and strigolactones, and probably not investigated here,
influencing this lag time to bud outgrowth.
Also in Hp, auxin and strigolactone concentrations were low. In the exper-
iment with the detached nodal segments, we observed a lower sensitivity to
auxins. We suggest that the poorly branched phenotype of Hp is the result
of a reduced capacity to transport auxins out of the buds, also causing an
inhibition of bud outgrowth.
Finally, No.16 had high levels of auxins and low levels of strigolactones. Its
sensitivity to auxins and cytokinins was high, while the sensitivity to strigo-
lactones was probably low (regarding the lower expression of TpBRC1 ). In
relation with its poorly branched phenotype, we suggest the high levels of
auxins to be sufficient for inhibition of bud outgrowth, while the low levels
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of strigolactones are possibly related to the formation of accessory branches
in this genotype.
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A
Branching pattern of six
genotypes (Chapter 3)
Appendix A
A   Lemmon B   Crossway
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Figure A.1 – Continued on next page
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Branching pattern of six genotypes (Chapter 3)
D   RubitasC   Diplomat
Top 
zone
Middle 
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Figure A.1 – Continued on next page
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Appendix A
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Figure A.1 – Continued on next page
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Branching pattern of six genotypes (Chapter 3)
Figure A.1: Branching pattern in six red clover genotypes. Coloured dots indicate the
average outgrowth percentage per node of five ramets of (A) Lemmon, (B) Crossway, (C)
Diplomat, (D) Rubitas, (E) Hp and (F) No.16 plants grown in the growth chamber at
two weeks after the time of flowering. A black dot (smallest) represents a non-outgrowing
bud. The calculated values were grouped into seven classes. Buds and flower heads are
drawn if they developed in at least one ramet. Note that for this graphical representation
the main axis is elongated and internode lengths are not according to scale.
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Genetic analyses (Chapter 5)
T
a
b
le
B
.1
–
C
o
n
ti
n
u
ed
fr
o
m
p
re
vi
o
u
s
pa
ge
F
o
rw
a
rd
p
ri
m
e
r
R
e
v
e
rs
e
p
ri
m
e
r
T
p
A
X
R
1
F
8
-
G
A
T
T
G
A
G
T
C
A
A
A
G
C
C
T
G
A
G
C
A
R
8
-
T
T
G
C
A
C
G
T
T
C
A
A
G
T
C
A
A
A
C
C
T
p
T
IR
1
F
3
-
A
T
G
T
G
C
T
G
T
C
T
G
G
G
T
G
T
G
A
G
R
3
-
A
A
G
G
G
A
C
C
G
C
A
T
T
G
T
C
T
C
T
A
T
p
C
R
E
1
F
2
-
T
C
T
T
G
T
T
G
G
C
A
A
C
T
C
C
G
T
T
A
R
2
-
C
C
T
C
C
A
T
T
T
C
G
A
A
A
A
G
T
C
T
C
A
T
p
D
2
7
F
1
0
-
G
C
A
A
A
A
T
T
C
C
A
T
C
T
C
A
A
A
C
G
R
1
0
-
A
G
G
A
T
C
C
T
G
C
C
C
A
A
A
T
A
T
C
A
T
p
M
A
X
4
F
1
0
-
T
G
G
C
A
T
C
C
T
G
A
G
T
C
C
A
A
A
G
R
1
0
-
G
T
C
A
C
C
C
T
C
C
C
A
T
C
T
T
C
A
T
C
T
p
M
A
X
1
-1
F
1
2
-
G
A
T
G
G
G
T
T
T
G
G
A
A
C
A
C
A
T
G
A
R
1
2
-
T
G
C
A
A
C
C
A
A
T
G
G
A
G
A
G
A
C
A
G
T
p
M
A
X
1
-2
F
2
-
C
A
T
G
G
C
C
C
T
G
A
T
G
T
T
T
T
C
T
C
R
2
-
T
C
C
A
A
C
T
T
C
T
T
T
A
C
A
C
A
G
T
T
C
T
G
C
T
p
D
1
4
F
5
-
T
C
A
A
C
A
T
G
A
G
A
C
C
A
G
A
C
A
T
A
A
C
A
C
R
7
-
C
C
T
C
G
C
C
G
T
T
T
G
C
A
T
A
A
T
A
C
T
p
M
A
X
2
F
8
-
C
T
G
A
G
G
A
A
A
C
T
T
T
T
C
A
T
T
C
A
T
G
G
R
7
-
T
G
T
C
A
T
T
C
T
C
T
G
G
T
G
C
T
G
G
A
T
p
B
R
C
1
F
8
-
A
G
G
C
A
A
G
A
G
A
A
A
G
A
G
C
A
A
G
A
G
A
R
9
-
T
C
A
T
T
A
C
A
T
T
G
C
T
T
T
G
A
A
C
T
T
G
A
T
p
C
A
C
F
2
-
T
T
C
T
G
C
G
C
T
G
T
G
A
T
G
T
A
A
C
G
R
2
-
T
T
G
C
G
A
C
T
C
T
T
T
C
T
C
A
A
G
G
C
T
p
E
F
1
A
F
1
-
G
C
G
T
G
T
G
A
T
T
G
A
G
A
G
G
T
T
T
G
R
1
-
A
C
G
T
T
C
A
G
C
C
T
T
G
A
G
C
T
T
G
T
T
p
S
A
N
D
F
1
-
T
C
G
T
T
A
A
G
G
G
G
A
C
A
G
T
T
G
G
A
R
1
-
A
G
A
G
A
A
G
A
G
A
A
G
A
C
G
G
C
G
T
C
T
p
U
B
C
2
F
1
-
T
C
C
A
A
A
C
C
C
A
A
A
C
T
C
T
C
C
A
G
R
1
-
C
T
G
C
T
C
A
A
C
A
A
T
C
T
C
G
C
G
T
A
T
p
U
B
Q
5
F
1
-
A
C
T
C
T
C
G
C
C
G
A
C
T
A
C
A
A
C
A
T
R
1
-
A
A
C
C
G
C
A
A
G
C
T
T
A
A
C
C
T
T
C
C
A
l
l
e
l
e
id
e
n
t
if
ic
a
t
io
n
T
p
D
2
7
F
1
1
-
T
G
C
A
G
C
A
G
A
A
C
A
G
A
A
T
T
T
C
A
A
R
1
2
-
A
A
C
T
G
T
G
G
G
A
A
A
A
G
A
C
T
A
T
C
A
A
G
A
A
F
1
2
-
G
A
G
A
G
C
C
T
T
G
T
G
G
A
A
G
C
A
A
C
R
1
1
-
T
T
T
G
G
T
A
G
G
G
G
C
T
G
A
T
T
C
T
T
T
T
p
M
A
X
4
F
8
-
A
T
G
C
C
A
C
C
T
T
G
G
T
A
G
G
A
C
T
G
R
7
-
G
C
A
T
A
A
A
A
G
C
T
T
T
G
G
A
C
T
C
A
G
G
F
1
1
-
C
A
G
G
G
C
T
G
A
A
C
C
A
A
C
T
C
C
T
R
8
-
A
A
G
T
T
A
C
A
A
G
G
G
C
G
T
T
G
T
G
C
T
p
M
A
X
1
-1
F
1
0
-
C
C
A
G
C
C
A
T
C
A
C
A
C
T
T
A
G
C
A
A
R
1
1
-
T
C
A
A
C
A
T
T
T
A
G
G
T
G
A
C
C
A
G
C
A
F
7
-
T
C
T
C
C
A
T
T
G
G
T
T
G
C
A
A
G
A
G
A
R
1
3
-
G
T
T
T
T
T
C
C
A
T
A
T
T
A
A
G
T
G
A
A
T
G
A
C
G
A
T
p
M
A
X
1
-2
F
3
-
G
G
A
A
T
G
G
T
A
T
T
C
A
T
G
G
A
T
T
T
G
G
R
3
-
A
G
A
T
T
G
G
G
C
C
A
T
A
T
T
G
C
T
T
G
T
p
M
A
X
2
F
5
-
G
A
A
T
C
C
A
T
C
A
C
C
T
C
A
T
C
T
T
G
C
R
6
-
T
T
G
C
A
A
A
A
A
C
C
A
T
G
T
C
C
A
A
A
F
9
-
C
G
T
G
T
G
G
A
A
G
G
A
A
A
A
T
G
A
C
A
R
7
-
T
G
T
C
A
T
T
C
T
C
T
G
G
T
G
C
T
G
G
A
T
p
B
R
C
1
F
6
-
C
G
G
A
G
A
A
T
G
A
G
A
T
T
G
T
C
T
C
T
T
G
R
7
-
T
G
T
T
G
G
A
C
T
C
C
A
T
T
T
G
C
T
C
A
167
Appendix B
Tp
M
A
X
3
Tp
D
27
Tp
P
IN
1
Tp
D
R
M
1
Tp
TI
R
1
Tp
A
X
R
1
Tp
R
E
V
Tp
C
R
E
1
F1
R
1
F2
R
2
F3
R
3
F2
R
2
F1
0
R
9
F8
R
8
F1
0
R
10
F1
1
R
12
F1
2
R
11
F1
R
1
F6
R
6
F3
R
3
F1
R
1
F5
R
5
F2
R
2
F3
R
3
F4
R
4
F6
R
6
F1
R
1
F8
R
7
F9
R
9
F1
R
1
F
ig
u
r
e
B
.1
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
168
Genetic analyses (Chapter 5)
Tp
M
A
X
1-
1
Tp
M
A
X
2
Tp
B
R
C
1
Tp
D
14
Tp
M
A
X
1-
2
S
eq
ue
nc
in
g 
pr
im
er
s
R
T-
qP
C
R
 p
rim
er
s
A
lle
le
 id
en
tif
ic
at
io
n 
pr
im
er
s
F2
R
2
F3
R
3
F1
2
R
12
F5
R
7
F8
R
7
F8
R
9
F1
0
R
11
F7
R
13
F5
R
6
F9
F6
R
7
F3
R
3
F5
R
5
F6
R
7
F4
R
4
F2
R
2
F3
R
3
F1
R
1
F2
R
5
F4
R
3
Tp
M
A
X
4
F1
0
R
10
F8
R
7
F1
1
R
8
F3
R
3
F6
R
5
F
ig
u
r
e
B
.1
:
O
v
er
v
ie
w
o
f
th
e
p
o
si
ti
o
n
s
o
f
th
e
p
ri
m
er
s
g
iv
en
in
T
a
b
le
B
.1
.
T
h
e
g
en
e
st
ru
ct
u
re
is
g
iv
en
a
cc
o
rd
in
g
to
th
e
co
rr
es
p
o
n
d
in
g
g
en
es
in
M
ed
ic
a
go
tr
u
n
ca
tu
la
,
L
o
tu
s
ja
po
n
ic
u
s
o
r
P
is
u
m
sa
ti
vu
m
.
169
Appendix B
A 
 T
pR
EV
*
/ A
tR
EV
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
170
Genetic analyses (Chapter 5)
B 
 T
pD
R
M
1
*/
 P
sD
R
M
1
/ A
tD
R
M
1
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
171
Appendix B
C
  T
pP
IN
1
*
/ A
tP
IN
1
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
172
Genetic analyses (Chapter 5)
D
  T
pA
XR
1
*
/ A
tA
XR
1
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
173
Appendix B
E 
 T
pT
IR
1
*
/ A
tT
IR
1
/ M
tT
IR
1
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
174
Genetic analyses (Chapter 5)
F 
 T
pC
R
E1
* / M
tC
R
E1
/ A
tC
R
E1
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
175
Appendix B
G
  T
pD
27
*
/ A
tD
27
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
176
Genetic analyses (Chapter 5)
H
  T
pM
AX
3 
an
d 
Tp
M
AX
4
*
*
/ P
sM
AX
4
/ A
tM
AX
4
/ P
sM
AX
3
/ A
tM
AX
3
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
177
Appendix B
I  
Tp
M
AX
1-
1 
an
d 
Tp
M
AX
1-
2
*
* / A
tM
AX
1
/ M
tM
AX
1A
/ M
tM
AX
1B
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
178
Genetic analyses (Chapter 5)
J 
 T
pD
14
*
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
179
Appendix B
K 
 T
pM
AX
2
*
/ P
sM
AX
2
/ A
tM
AX
2
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
180
Genetic analyses (Chapter 5)
L 
 T
pB
R
C
1
*
/ A
tB
R
C
1
/ P
sB
R
C
1
F
ig
u
r
e
B
.2
–
C
o
n
ti
n
u
ed
o
n
n
ex
t
pa
ge
181
Appendix B
Figure B.2: Phylogenetic trees of orthologous and homologous proteins in mainly Ara-
bidopsis thaliana, and the legumes Trifolium pratense, Medicago truncatula, Lotus japon-
icus, Pisum sativum and/or Glycine max, for various branching genes: (A) TpREV, (B)
TpDRM1, (C) TpPIN1, (D) TpAXR1, (E) TpTIR1, (F) TpCRE1, (G) TpD27, (H) Tp-
MAX3 and TpMAX4, (I) TpMAX1-1 and TpMAX1-2, (J) TpD14, (K) TpMAX2, and
(L) TpBRC1. Arrows indicate the orthologous proteins; stars indicate the orthologous
sequence in red clover. At - Arabidopsis thaliana; Bd - Brachypodium distachyon; Cp
- Carica papaya; Fv - Fragaria vesca; Gm - Glycine max ; Lj - Lotus japonicus; Md
- Malus domestica; Mt - Medicago truncatula; Os - Oryza sativa ssp. japonica; Pp -
Physcomitrella patens; Ps - Pisum sativum; Pt - Populus trichocarpa; Rc - Ricinus com-
munis; Sm - Selaginella moellendorffii ; Tc - Theobroma cacao; Tp - Trifolium pratense;
Vv - Vitis vinifera; Zm - Zea mays.
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Table B.2: Significance groups for the expression levels of various branching genes in red
clover nodal segments given in Figure 5.3. The letters a, b, c are used for a comparison
of the time points within one genotype; the letters x, y, z are used for a comparison of
the genotypes within one time point (P < 0.05, Tukey HSD or Games-Howell).
0 h 4 h 24 h
TpREV
Lemmon ab x a x b y
Crossway a x b x b xy
Diplomat ab x a x b xy
Rubitas a x b x b xy
Hp a x b x b xy
No.16 a x b x b x
TpDRM1
Lemmon a x a x a x
Crossway a x a x a x
Diplomat a x a x a x
Rubitas a x a x a x
Hp a x a x a x
No.16 a x a x a x
TpPIN1
Lemmon a x b x b x
Crossway a x b x b x
Diplomat a x b x b x
Rubitas a x b x b x
Hp a x b x c x
No.16 a x a x a x
TpAXR1
Lemmon a x b y b x
Crossway a xyz b xy b x
Diplomat a y a xy a x
Rubitas a z a x a x
Hp a xyz a x a x
No.16 a xyz b xy b x
TpTIR1
Lemmon a x a x a y
Crossway a x a x a xy
Diplomat a x a x a xy
Rubitas a x b x b x
Hp a x a x a xy
No.16 a x a x a xy
TpCRE1
Lemmon b x a xy b x
Crossway a x a xy a x
Diplomat a x a x a x
Rubitas a x b x b x
Hp a x a y a x
No.16 a x a y a x
TpD27
Lemmon a x a x a x
Crossway a x a x a x
Diplomat a x a x a x
Rubitas a x a x a x
Hp a x a x a x
No.16 a x b x b x
Continued on next page
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Table B.2 – Continued from previous page
0 h 4 h 24 h
TpMAX4
Lemmon a x a xy a x
Crossway a x a y a x
Diplomat a x a xy a x
Rubitas a x a xy a x
Hp a x a x a x
No.16 a y b y b x
TpMAX1-1
Lemmon a x a xy a x
Crossway a x a xy a x
Diplomat b x a xy b x
Rubitas a x a xy a x
Hp a x a y a x
No.16 ab x a x b x
TpMAX1-2
Lemmon a x b xy b xy
Crossway a x b z b y
Diplomat a x a xy a xy
Rubitas a x b x b x
Hp a x a xy a xy
No.16 a x b yz a x
TpD14
Lemmon a x b x a x
Crossway a x a x a x
Diplomat a x b x ab x
Rubitas a x a x a x
Hp a x b y ab x
No.16 a x b xy b x
TpMAX2
Lemmon a x a x a x
Crossway a x ab x b x
Diplomat a x a x a x
Rubitas a x a x a x
Hp a x a x a x
No.16 a x a x a x
TpBRC1
Lemmon ab x a x b x
Crossway a x a x a x
Diplomat a x a x a x
Rubitas a x a x b x
Hp a x b x a x
No.16 ab x a x b x
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Table B.3: Significance groups for the expression levels of various branching genes in
red clover tissues given in Figure 5.4. The letters a, b, c are used for a comparison of the
tissues within one genotype; the letters x, y are used for a comparison of the genotypes
within one tissue (P < 0.05, Tukey HSD or Games-Howell).
root internode node
TpREV
Lemmon a x b x b x
Crossway a x a x a x
Diplomat a x a x a x
Rubitas a x bc x c x
Hp a x a x a x
No.16 a x a x a x
TpDRM1
Lemmon a x ab x a x
Crossway ab x ab x b x
Diplomat a x a x a x
Rubitas ab x ab x a x
Hp ac x b x abc x
No.16 ab x a x abc x
TpPIN1
Lemmon a x c x b x
Crossway a x ab x b x
Diplomat a x a x a x
Rubitas a x a x a x
Hp a x a x a x
No.16 a x a x a x
TpAXR1
Lemmon a x b x ab x
Crossway a y a x a x
Diplomat a xy ab x ab x
Rubitas a xy a x a x
Hp a xy a x a x
No.16 a y a x a x
TpTIR1
Lemmon a x a x a x
Crossway a x a x a x
Diplomat ab x ab x b x
Rubitas a x a x a x
Hp a x a x a x
No.16 a x a x a x
TpCRE1
Lemmon a x a x a x
Crossway a x a x a x
Diplomat a x a x a x
Rubitas ab x ab x a x
Hp ab x ab x a x
No.16 a x a x a x
TpD27
Lemmon ab xy a y b x
Crossway a xy ab x ab x
Diplomat a x a x a x
Rubitas a xy b x ab x
Hp a y a xy a x
No.16 a xy a xy a x
Continued on next page
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Table B.3 – Continued from previous page
root internode node
TpMAX4
Lemmon a x ab x b x
Crossway a x a x a x
Diplomat a x a x a x
Rubitas a x a x a x
Hp a x b x b x
No.16 a x a x a x
TpMAX1-1
Lemmon a x a x a x
Crossway a x a x a x
Diplomat ab x ab x a x
Rubitas abc x ac x ab x
Hp ab x a x a x
No.16 ab x a x ab x
TpMAX1-2
Lemmon a x b x b x
Crossway ab x a x ab x
Diplomat a x a x a x
Rubitas ab x ab x a x
Hp a x ab x ab x
No.16 a x b x b x
TpD14
Lemmon a x ab x ab x
Crossway a x a x a x
Diplomat a x ab x a x
Rubitas a x a x a x
Hp a x b y ab x
No.16 a x a x a x
TpMAX2
Lemmon ab x a xy b x
Crossway a x a xy a x
Diplomat a x a xy a x
Rubitas a x a x a x
Hp a x a xy a x
No.16 a x a y a x
TpBRC1
Lemmon a x a x a y
Crossway a xy b y ab x
Diplomat ab x ab x ab y
Rubitas a xy a xy a y
Hp a y b x b y
No.16 b xy a x a y
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Table B.4: Polymorphisms in TpD27, for the fragment indicated in Figure 5.5. For
each polymorphism are given: the position on the analysed fragment with an indication
of exon (rectangle) or intron (line); the ratio of the number of sequences with one or
another nucleotide/amino acid; the reference and alternate nucleotide/amino acid; and
in which genotypes the polymorphism occurs.
Position Ratio Nucleotide Amino acid Aberrant genotypes
95 18:3 C:T - Rubitas (3)
205 13:8 C:T - Crossway (4), Rubitas (4)
325 13:8 G:A - Lemmon (3), Rubitas (4), Hp (1)
393 17:4 T:A - Rubitas (4)
500 36:7 G:A E:K Rubitas (7)
526 20:2 T:C - Crossway (2)
529 17:3:2 T:A:C - Rubitas (3), Crossway (2)
579 19:3 C:A - Crossway (3)
587 18:4 T:A - Diplomat (1), No.16 (3)
594 19:3 T:A - Crossway (3)
627 19:3 T:C - Rubitas (3)
706 15:7 A:C - Lemmon (2), Crossway (3), Hp (2)
707 19:3 C:A - Crossway (3)
708 19:3 G:A - Crossway (3)
752 20:2 G:T - Crossway (2)
762-763 20:2 -:C - Crossway (2)
763 18:4 G:A - Crossway (1), No.16 (3)
901 17:5 C:- - Crossway (2), Rubitas (3)
906 19:3 A:C - Rubitas (3)
924 10:8:4 T:G:- - Crossway (3), Diplomat (1), Rubitas
(4), Hp (1), No.16 (3)
925-926 18:4 AA:- - - Rubitas (1), No.16 (3)
928-930 18:4 GCG:- - - - Rubitas (1), No.16 (3)
931 13:5:4 T:C:- - Crossway (2), Rubitas (4), No.16 (3)
932-933 18:4 GC:- - - Rubitas (1), No.16 (3)
934 12:6:4 G:A:- - Crossway (2), Diplomat (1), Rubitas
(4), No.16 (3)
935-938 18:4 AGAA:- - - - - Rubitas (1), No.16 (3)
959-960 19:3 - - -:AAA - Rubitas (3)
989 19:3 C:G - No.16 (3)
1080 16:5 T:C - Lemmon (1), Crossway (2), Hp (2)
187
Appendix B
Table B.5: Polymorphisms in TpMAX4, for the fragment indicated in Figure 5.6. For
each polymorphism are given: the position on the analysed fragment with an indication
of exon (rectangle) or intron (line); the ratio of the number of sequences with one or
another nucleotide/amino acid; the reference and alternate nucleotide/amino acid; and
in which genotypes the polymorphism occurs.
Position Ratio Nucleotide
Amino
acid
Aberrant genotypes
141 20:4 G:A - Rubitas (4)
171 12:12 A:G - Crossway (4), Diplomat (4), No.16 (4)
210 22:2 G:A - No.16 (2)
249 12:12 A:G - Crossway (4), Diplomat (4), No.16 (4)
288 18:6 A:G - Rubitas (4), No.16 (2)
348 18:6 A:G - Rubitas (4), No.16 (2)
397 17:7 A:T M:L Rubitas (4), Hp (1), No.16 (2)
441 20:4 G:A - Rubitas (4)
560 18:6 A:G K:R Rubitas (4), Hp (1), No.16 (1)
645 21:3 G:A - Lemmon, Hp (2)
672 21:3 A:T - Lemmon, Hp (2)
676 29:3:2 T:C:G - Lemmon, Hp (2), No.16 (2)
680-681 21:3 - -:TG - Lemmon, Hp (2)
710 22:2 C:T - Hp (2)
721 21:3 G:T - Lemmon, Hp (2)
851 16:8 C:T - Rubitas (4), Diplomat (1), No.16 (3)
915 20:4 G:A D:N Lemmon (2), Hp (2)
981 16:8 C:A - Lemmon (2), Diplomat (1), Hp (2),
No.16 (3)
1004 19:5 T:C - Rubitas (1), Diplomat (1), No.16 (3)
1038-1040 16:8 TAA:- - - - Lemmon (2), Diplomat (1), Hp (2),
No.16 (3)
1107 20:4 C:A D:E Diplomat (1), No.16 (3)
1187 21:3 T:C V:A Diplomat (1), No.16 (2)
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Table B.6: Polymorphisms in TpMAX1-1, for the fragment indicated in Figure 5.7. For
each polymorphism are given: the position on the analysed fragment with an indication
of exon (rectangle) or intron (line); the ratio of the number of sequences with one or
another nucleotide/amino acid; the reference and alternate nucleotide/amino acid; and
in which genotypes the polymorphism occurs.
Position Ratio Nucleotide
Amino
acid
Aberrant genotypes
191-193 20:4 CAA:- - - N:- Diplomat (3), No.16
219 21:3 A:C S:R Crossway (3)
248 22:2 A:C Q:H Crossway (2)
251 13:11 T:C - Lemmon (4), Crossway (4), Hp (3)
371 22:2 T:C - Crossway (2)
410 22:2 C:A - Diplomat (2)
441 21:3 A:G M:V Crossway (2), Diplomat (1)
447 20:4 G:A D:N Crossway (4)
464 22:2 G:A - Crossway (2)
557 22:2 T:C - Hp (2)
597 22:2 T:C - Hp (2)
610 22:2 T:C V:A Diplomat (2)
910 14:2 G:C E:Q Crossway (2)
951 14:2 T:C - Crossway (2)
1026 10:6 G:A - Crossway (4), Diplomat (2)
1029 12:4 G:A - Crossway (4)
1043 8:8 T:C - Lemmon (4), No.16 (4)
1054 8:8 T:C - Lemmon (4), No.16 (4)
1056 10:6 G:A - Crossway (4), Diplomat (2)
1058 10:6 G:C - Crossway (4), Diplomat (2)
1093 14:2 C:T - Rubitas (1), Hp (1)
1099 14:2 C:T - Rubitas (1), Hp (1)
1145 17:2 G:A - Diplomat (2)
1162 15:4 C:T - Hp (4)
1172 13:6 C:T - Crossway (4), Rubitas (1), Hp (1)
1174 15:4 C:T - Crossway (4)
1192 17:2 T:C - No.16 (2)
1207-1208 11:8 - - -:GGT - Lemmon (4), No.16 (4)
1209 16:3 G:A - Hp (3)
1210 11:8 C:T - Lemmon (1), Diplomat (2), Rubitas (1),
Hp (4)
1223 15:4 C:T - Hp (4)
1272 17:2 C:A - Diplomat (2)
1477 12:7 T:G I:M Diplomat (2), Rubitas (1), Hp (3), No.16
(1)
Table B.7: Polymorphisms in TpMAX1-2, for the fragment indicated in Figure 5.8. For
each polymorphism are given: the position on the analysed fragment with an indication
of exon (rectangle) or intron (line); the ratio of the number of sequences with one or
another nucleotide/amino acid; the reference and alternate nucleotide/amino acid; and
in which genotypes the polymorphism occurs.
Position Ratio Nucleotide Amino acid Aberrant genotypes
68 16:4 A:G - Lemmon (2), Hp (2)
101 15:5 G:A - Rubitas (3), No.16 (2)
159 13:7 C:T H:Y Lemmon (1), Crossway (1), Diplomat
(4), Hp (1)
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Table B.8: Polymorphisms in TpMAX2, for the fragment indicated in Figure 5.9. For
each polymorphism are given: the position on the analysed fragment with an indication
of exon (rectangle) or intron (line); the ratio of the number of sequences with one or
another nucleotide/amino acid; the reference and alternate nucleotide/amino acid; and
in which genotypes the polymorphism occurs.
Position Ratio Nucleotide Amino acid Aberrant genotypes
575 21:3 C:T S:F Hp (3)
806 22:2 A:G E:G Crossway (2)
Table B.9: Polymorphisms in TpBRC1, for the fragment indicated in Figure 5.10. For
each polymorphism are given: the position on the analysed fragment with an indication
of exon (rectangle) or intron (line); the ratio of the number of sequences with one or
another nucleotide/amino acid; the reference and alternate nucleotide/amino acid; and
in which genotypes the polymorphism occurs.
Position Ratio Nucleotide Amino acid Aberrant genotypes
103 20:3 A:T H:L Lemmon (1), Diplomat (1), Rubitas (1)
109 20:3 C:T A:V Lemmon (1), Diplomat (1), Rubitas (1)
241 17:6 T:C M:T Crossway (2), Hp (2), No.16 (2)
190
References
Aguilar-Mart´ınez, J., Poza-Carrio´n, C. & Cubas, P. (2007). Arabidopsis
BRANCHED1 acts as an integrator of branching signals within axillary
buds. Plant Cell, 19:458–472.
Akiyama, K., Ogasawara, S., Ito, S. & Hayashi, H. (2010). Structural re-
quirements of strigolactones for hyphal branching in AM fungi. Plant and
Cell Physiology, 51:1104–1117.
Alder, A., Jamil, M., Marzorati, M., Bruno, M., Vermathen, M., Bigler,
P., Ghisla, S., Bouwmeester, H., Beyer, P. & Al-Babili, S. (2012). The
path from β-carotene to carlactone, a strigolactone-like plant hormone.
Science, 335:1348–1351.
Altschul, S., Gish, W., Miller, W., Myers, E. & Lipman, D. (1990). Basic
local alignment search tool. Journal of Molecular Biology, 215:403–410.
Alvarez, N., Meeking, R. & White, D. (2006). The origin, initiation and
development of axillary shoot meristems in Lotus japonicus. Annals of
Botany, 98:953–963.
Antoun, M. & Ouellet, F. (2013). Growth temperature affects inflorescence
architecture in Arabidopsis thaliana. Botany, 91:642–651.
Arumingtyas, E., Floyd, R., Gregory, M. & Murfet, I. (1992). Branching in
Pisum: inheritance and allelism tests with 17 ramosus mutants. Pisum
Genetics, 24:17–31.
Baker, R. L., Hileman, L. C. & Diggle, P. K. (2012). Patterns of shoot
architecture in locally adapted populations are linked to intraspecific dif-
ferences in gene regulation. New Phytologist, 196:271–281.
Balfourier, F. & Charmet, G. (1991). Relationships between agronomic
characters and ecogeographical factors in a collection of French perennial
ryegrass populations. Agronomie, 11:645–657.
References
Balla, J., Kalousek, P., Reino¨hl, V., Friml, J. & Procha´zka, S. (2011). Com-
petitive canalization of PIN-dependent auxin flow from axillary buds con-
trols pea bud outgrowth. The Plant Journal, 65:571–577.
Balzergue, C., Puech-Page`s, V., Be´card, G. & Rochange, S. F. (2011).
The regulation of arbuscular mycorrhizal symbiosis by phosphate in pea
involves early and systemic signalling events. Journal of Experimental
Botany, 62:1049–1060.
Barillot, R., Combes, D., Chevalier, V., Fournier, C. & Escobar-
Gutie´rrez, A. (2012). How does pea architecture influence light shar-
ing in virtual wheat-pea mixtures? A simulation study based on
pea genotypes with contrasting architectures. AoB PLANTS, pls038.
doi:10.1093/aobpla/pls038.
Barton, M. (2010). Twenty years on: The inner workings of the shoot apical
meristem, a developmental dynamo. Developmental Biology, 341:95–113.
Bennett, T. & Leyser, O. (2006). Something on the side: axillary meristems
and plant development. Plant Molecular Biology, 60:843–854.
Bennett, T., Sieberer, T., Willett, B., Booker, J., Luschnig, C. & Leyser,
O. (2006). The Arabidopsis MAX pathway controls shoot branching by
regulating auxin transport. Current Biology, 16:553–563.
Bertilsson, J. & Murphy, M. (2003). Effects of feeding clover silages on feed
intake, milk production and digestion in dairy cows. Grass and Forage
Science, 58:309–322.
Beveridge, C. A. (2006). Axillary bud outgrowth: sending a message. Cur-
rent Opinion in Plant Biology, 9:35–40.
Beveridge, C. A., Weller, J. L., Singer, S. R. & Hofer, J. M. (2003). Axillary
meristem development. Budding relationships between networks control-
ling flowering, branching, and photoperiod responsiveness. Plant Physi-
ology, 131:927–934.
Black, A., Laidlaw, A., Moot, D. & O’Kiely, P. (2009). Comparative growth
and management of white and red clovers. Irish Journal of Agricultural
and Food Research, 48:149–166.
Black, A. D., Moot, D. J. & Lucas, R. J. (2006). Development and growth
characteristics of caucasian and white clover seedlings, compared with
perennial ryegrass. Grass and Forage Science, 61:442–453.
192
References
Blanc, G. & Wolfe, K. H. (2004). Widespread paleopolyploidy in model
plant species inferred from age distributions of duplicate genes. The Plant
Cell Online, 16:1667–1678.
Boller, B., Schubinger, F. & Ko¨lliker, R. (2010). Red clover. In: Boller, B.,
Posselt, U. & Veronesi, F., editors., Fodder Crops and Amenity Grasses,
Handbook of Plant Breeding 5, pp. 439–455. Springer.
Booker, J., Auldridge, M., Wills, S., McCarty, D., Klee, H. & Leyser,
O. (2004). MAX3/CCD7 is a carotenoid cleavage dioxygenase required
for the synthesis of a novel plant signaling molecule. Current Biology,
14:1232–1238.
Booker, J., Sieberer, T., Wright, W., Williamson, L., Willett, B., Stirn-
berg, P., Turnbull, C., Srinivasan, M., Goddard, P. & Leyser, O. (2005).
MAX1 encodes a cytochrome P450 family member that acts downstream
of MAX3/4 to produce a carotenoid-derived branch-inhibiting hormone.
Developmental Cell, 8:443–449.
Bosworth, S. & Stringer, W. (1985). Cutting management of alfalfa, red
clover and birdsfoot trefoil. Agronomy Facts 7, Pennsylvania, USA.
Bowley, S., Taylor, N. & Dougherty, C. (1987). Photoperiodic response
and heritability of the pre-flowering interval of two red clover (Trifolium
pratense) populations. Annals of Applied Biology, 111:455–461.
Braun, N., de Saint Germain, A., Pillot, J., Boutet-Mercey, S., Dalmais,
M., Antoniadi, I., Li, X., Maia-Grondard, A., Le Signor, C., Bouteiller,
N., Luo, D., Bendahmane, A., Turnbull, C. & Rameau, C. (2012). The
pea TCP transcription factor PsBRC1 acts downstream of strigolactones
to control shoot branching. Plant Physiology, 158:225–238.
Brewer, P. B., Dun, E. A., Ferguson, B. J., Rameau, C. & Beveridge, C. A.
(2009). Strigolactone acts downstream of auxin to regulate bud outgrowth
in pea and Arabidopsis. Plant Physiology, 150:482–493.
Brewer, P. B., Koltai, H. & Beveridge, C. A. (2013). Diverse roles of strigo-
lactones in plant development. Molecular Plant, 6:18–28.
Briske, D. (1991). Developmental morphology and physiology of grasses. In:
Heitschmidt, R. & Stuth, J., editors., Grazing management - an ecological
perspective, pp. 85–108. Timber Press, Portland, Oregon.
193
References
Buckler, E. S., Gaut, B. S. & McMullen, M. D. (2006). Molecular and
functional diversity of maize. Current Opinion in Plant Biology, 9:172–
176.
Burggraaf, V. T., Woodward, S. L., Woodfield, D. R., Thom, E. R.,
Waghorn, G. C. & Kemp, P. D. (2006). Morphology and agronomic per-
formance of white clover with increased flowering and condensed tannin
concentration. New Zealand Journal of Agricultural Research, 49:147–155.
Challis, R., Hepworth, J., Mouchel, C., Waites, R. & Leyser, O. (2013).
A role for MORE AXILLARY GROWTH1 (MAX1 ) in evolutionary di-
versity in strigolactone signaling upstream of MAX2. Plant Physiology,
161:1885–1902.
Chao, W., Foley, M., Horvath, D. & Anderson, J. (2007). Signals regulating
dormancy in vegetative buds. International Journal of Plant Develop-
mental Biology, 1:49–56.
Chatfield, S., Stirnberg, P., Forde, B. & Leyser, O. (2000). The hormonal
regulation of axillary bud growth in Arabidopsis. The Plant Journal,
24:159–169.
Chen, X., Zhou, X., Xi, L., Li, J., Zhao, R., Ma, N. & Zhao, L. (2013).
Roles of DgBRC1 in regulation of lateral branching in chrysanthemum
(Dendranthema x grandiflora cv. Jinba). PLoS ONE, 8:e61717.
Choi, H., Mun, J., Kim, D., Zhu, H., Baek, J., Mudge, J., Roe, B., Ellis, N.,
Doyle, J., Kiss, G. B., Young, N. D. & Cook, D. R. (2004). Estimating
genome conservation between crop and model legume species. Proceedings
of the National Academy of Sciences of the United States of America,
101:15289–15294.
Clark, R. M., Schweikert, G., Toomajian, C., Ossowski, S., Zeller, G., Shinn,
P., Warthmann, N., Hu, T. T., Fu, G., Hinds, D. A., Chen, H., Frazer,
K. A., Huson, D. H., Scho¨lkopf, B., Nordborg, M., Ra¨tsch, G., Ecker,
J. R. & Weigel, D. (2007). Common sequence polymorphisms shaping
genetic diversity in Arabidopsis thaliana. Science, 317:338–342.
Cnops, G., Rohde, A., Saracutu, O., Malengier, M. & Rolda´n-Ruiz, I.
(2010). Morphological and molecular diversity of branching in red clover
(Trifolium pratense). In: Huyghe, C., editor, Sustainable Use of Genetic
Diversity in Forage and Turf Breeding, pp. 73–77. Springer, Dordrecht,
the Netherlands.
194
References
Corbel, G., Robin, C. & Guckert, A. (2001). Growth potential of buds of
two contrasting cultivars of white clover during winter and early spring.
Journal of Agricultural Science, Cambridge, 136:215–220.
Crawford, S., Shinohara, N., Sieberer, T., Williamson, L., George, G., Hep-
worth, J., Mu¨ller, D., Domagalska, M. & Leyser, O. (2010). Strigolactones
enhance competition between shoot branches by dampening auxin trans-
port. Development, 137:2905–2913.
Dai, Y., Wang, H., Li, B., Huang, J., Liu, X., Zhou, Y., Mou, Z. & Li,
J. (2006). Increased expression of MAP KINASE KINASE7 causes de-
ficiency in polar auxin transport and leads to plant architectural abnor-
mality in Arabidopsis. The Plant Cell, 18:308–320.
Davies, P. (2004). Plant hormones: Biosynthesis, signal transduction, ac-
tion. Kluwer Academic Publishers, Dordrecht, The Netherlands.
De Vliegher, A. (2007). Wegwijs in de teelt van gras/klaver, rode klaver en
luzerne. Landbouwcentrum voor Voedergewassen, pp. 1–8.
De Vliegher, A. (2008). De N-bemesting van klaver en luzerne, al dan niet
gemengd met raaigrassen. Landbouwcentrum voor voedergewassen, pp.
93–98.
De Vliegher, A. & Carlier, L. (2008). Potential of fodder legumes under
intensive farming conditions in Flanders. Grassland Science in Europe,
13:236–238.
Dewhurst, R., Evans, R., Scollan, N., Moorby, J., Merry, R. & Wilkins,
R. (2003a). Comparison of grass and legume silages for milk production.
2. In vivo and in sacco evaluations of rumen function. Journal of Dairy
Science, 86:2612–2621.
Dewhurst, R., Fisher, W., Tweed, J. & Wilkins, R. (2003b). Comparison
of grass and legume silages for milk production. 1. Production responses
with different levels of concentrate. Journal of Dairy Science, 86:2598–
2611.
Dias, P., Julier, B., Sampoux, J., Barre, P. & Dall’Agnol, M. (2008). Genetic
diversity in red clover (Trifolium pratense L.) revealed by morphological
and microsatellite (SSR) markers. Euphytica, 160:189–205.
Domagalska, M. & Leyser, O. (2011). Signal integration in the control of
shoot branching. Nature Reviews Molecular Cell Biology, 12:211–221.
195
References
Donald, C. (1968). The breeding of crop ideotypes. Euphytica, 17:385–403.
Doust, A. N. (2007). Grass architecture: genetic and environmental control
of branching. Current Opinion in Plant Biology, 10:21–25.
Drummond, R., Sheehan, H., Simons, J. L., Mart´ınez-Sa´nchez, N. M.,
Turner, R. M., Putterill, J. & Snowden, K. C. (2012). The expression
of petunia strigolactone pathway genes is altered as part of the endoge-
nous developmental program. Frontiers in Plant Science, 2:1–14.
Dun, E., de Saint Germain, A., Rameau, C. & Beveridge, C. (2012). An-
tagonistic action of strigolactone and cytokinin in bud outgrowth control.
Plant Physiology, 158:487–498.
Dun, E., de Saint Germain, A., Rameau, C. & Beveridge, C. (2013). Dy-
namics of strigolactone function and shoot branching responses in Pisum
sativum. Molecular Plant, 6:128–140.
Ehrenreich, I., Stafford, P. & Purugganan, M. (2007). The genetic archi-
tecture of shoot branching in Arabidopsis thaliana: a comparative assess-
ment of candidate gene associations vs. quantitative trait locus mapping.
Genetics, 176:1223–1236.
Evers, J. (2011). 3D modelling of branching in plants. In: 19th International
Congress on Modelling and Simulation, pp. 982–988.
Finlayson, S., Krishnareddy, S., Kebrom, T. & Casal, J. (2010). Phy-
tochrome regulation of branching in Arabidopsis. Plant Physiology,
152:1914–1927.
Ford, J. & Barrett, B. (2011). Improving red clover persistence under graz-
ing. Proceeding of the New Zealand Grassland Association, 73:119–124.
Fustec, J., Guilleux, J., Le Corff, J. & Maˆıtre, J. (2005). Comparison of
early development of three grasses: Lolium perenne, Agrostis stolonifera
and Poa pratensis. Annals of Botany, 96:269–278.
Gautier, H., Varlet-Grancher, C. & Baudry, N. (1998). Comparison of hor-
izontal spread of white clover (Trifolium repens L.) grown under two
artificial light sources differing in their content of blue light. Annals of
Botany, 82:41–48.
Gomez-Roldan, V., Fermas, S., Brewer, P., Puech-Page`s, V., Dun, E., Pil-
lot, J., Letisse, F., Matusova, R., Danoun, S., Portais, J., Bouwmeester,
196
References
H., Be´card, G., Beveridge, C., Rameau, C. & Rochange, S. (2008). Strigo-
lactone inhibition of shoot branching. Nature, 455:189–194.
Gonza´lez-Grand´ıo, E., Poza-Carrio´n, C., Sorzano, C. & Cubas, P. (2013).
BRANCHED1 promotes axillary bud dormancy in response to shade in
Arabidopsis. The Plant Cell Online, 25:834–850.
Gray, A. (1879). Structural botany. Ivison, Blakeman, Taylor and Company,
New York, USA.
Grbic, V. & Bleecker, A. B. (2000). Axillary meristem development in
Arabidopsis thaliana. The Plant Journal, 21:215–223.
Griffin, T. (1914). Growing forage legumes in Maine. Forage Facts, 2261:1–
8.
Gupta, S. (2010). Plant breeding: Theory and techniques. Agrobios, Jodh-
pur, India.
Haga, K. & Iino, M. (1998). Auxin-growth relationships in maize coleoptiles
and pea internodes and control by auxin of the tissue sensitivity to auxin.
Plant Physiology, 117:1473–1486.
Hayward, A., Stirnberg, P., Beveridge, C. & Leyser, O. (2009). Interac-
tions between auxin and strigolactone in shoot branching control. Plant
Physiology, 151:400–412.
O¨hberg, H. (2008). Studies of the persistence of red clover cultivars in
Sweden with particular reference to Sclerotinia trifoliorum. Ph.D. thesis,
Swedish University of Agricultural Studies.
He, J., Benedito, V., Wang, M., Murray, J., Zhao, P., Tang, Y. & Udvardi,
M. (2009). The Medicago truncatula gene expression atlas web server.
BMC Bioinformatics, 10:441.
Heide, O. (1994). Control of flowering and reproduction in temperate
grasses. New Phytologist, 128:347–362.
Hempel, F. & Feldman, L. (1994). Bi-directional inflorescence development
in Arabidopsis thaliana: Acropetal initiation of flowers and basipetal ini-
tiation of paraclades. Planta, 192:276–286.
Herrmann, D., Boller, B., Studer, B., Widmer, F. & Ko¨lliker, R. (2006).
QTL analysis of seed yield components in red clover (Trifolium pratense
L.). Theoretical and Applied Genetics, 112:536–545.
197
References
Herrmann, D., Boller, B., Studer, B., Widmer, F. & Ko¨lliker, R. (2008).
Improving persistence in red clover: insights from QTL analysis and com-
parative phenotypic evaluation. Crop Science, 48:269–277.
Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., Wid-
mayer, P., Gruissem, W. & Zimmermann, P. (2008). Genevestigator V3:
a reference expression database for the meta-analysis of transcriptomes.
Advances in Bioinformatics, 2008:420747.
Hwang, I. & Sakakibara, H. (2006). Cytokinin biosynthesis and perception.
Physiologia Plantarum, 126:528–538.
Hyslop, M., Kemp, P. & Hodgson, J. (1999). Vegetatively reproductive
red clovers (Trifolium pratense L.): an overview. Proceeding of the New
Zealand Grassland Association, 61:121–126.
International Union for the Protection of New Varieties of Plants-
UPOV (2001). Guidelines for the conduct of tests for distinct-
ness, uniformity and stability: Red clover (Trifolium pratense L.).
http://www.upov.int/edocs/tgdocs/en/tg005.pdf. Last accessed at 15
July 2013.
Ishikawa, S., Maekawa, M., Arite, T., Onishi, K., Takamure, I. & Kyozuka,
J. (2005). Suppression of tiller bud activity in tillering dwarf mutants of
rice. Plant and Cell Physiology, 46:79–86.
Isobe, S., Klimenko, I., Ivashuta, S., Gau, M. & Kozlov, N. (2003). First
RFLP linkage map of red clover (Trifolium pratense L.) based on cDNA
probes and its transferability to other red clover germplasm. Theoretical
and Applied Genetics, 108:105–112.
Isobe, S., Ko¨lliker, R., Hisano, H., Sasamoto, S., Wada, T., Klimenko, I.,
Okumura, K. & Tabata, S. (2009). Construction of a consensus linkage
map for red clover (Trifolium pratense L.). BMC Plant Biology, 9:57.
Isobe, S., Sawai, A., Yamaguchi, H., Gau, M. & Uchiyama, K. (2002).
Breeding potential of the backcross progenies of a hybrid between Tri-
folium medium x T. pratense to T. pratense. Canadian Journal of Plant
Science, 82:395–399.
Jamil, M., Charnikhova, T., Houshyani, B., van Ast, A. & Bouwmeester,
H. (2011). Genetic variation in strigolactone production and tillering in
rice and its effect on Striga hermonthica infection. Planta, 235:473–484.
198
References
Jiang, G.-L. (2013). Molecular markers and marker-assisted breeding in
plants. In: Andersen, S. B., editor, Plant Breeding from Laboratories to
Fields, pp. 45–83. InTech, Croatia.
Johnson, X., Brcich, T., Dun, E. A., Goussot, M., Haurogne´, K., Beveridge,
C. A. & Rameau, C. (2006). Branching genes are conserved across species.
Genes controlling a novel signal in pea are coregulated by other long-
distance signals. Plant Physiology, 142:1014–1026.
Jouve, L., Charron, Y., Couderc, C., Greppin, H. & Agosti, R. (1998).
Dependence of Arabidopsis thaliana floral stem growth and architecture
on photoperiod. Biologia Plantarum, 41:377–386.
Jule´n, G. (1959). Rotklee, Trifolium pratense L. In: Kappert, H.
& Rudorf, W., editors., Zu¨chtung der Futterpflanzen, Handbuch der
Pflanzenzu¨chtung, vol. IV, pp. 242–305. Paul Parey, Berlin and Hamburg,
Germany.
Kawakatsu, T., Taramino, G., Itoh, J., Allen, J., Sato, Y., Hong, S., Yule,
R., Nagasawa, N., Kojima, M., Kusaba, M., Sakakibara, H., Sakai, H. &
Nagato, Y. (2009). PLASTOCHRON3/GOLIATH encodes a glutamate
carboxypeptidase required for proper development in rice. The Plant
Journal, 58:1028–1040.
Keurentjes, J. J., Koornneef, M. & Vreugdenhil, D. (2008). Quantitative
genetics in the age of omics. Current Opinion in Plant Biology, 11:123–
128.
Kjaergaard, T. (2003). A plant that changed the world: the rise and fall of
clover 1000-2000. Landscape Research, 28:41–49.
Klimenko, I., Razgulayeva, N., Gau, M., Okumura, K., Nakaya, A., Tabata,
S., Kozlov, N. & Isobe, S. (2010). Mapping candidate QTLs related
to plant persistency in red clover. Theoretical and Applied Genetics,
120:1253–1263.
Ko¨lliker, R., Herrmann, D., Boller, B. & Widmer, F. (2003). Swiss Mat-
tenklee landraces, a distinct and diverse genetic resource of red clover
(Trifolium pratense L.). Theoretical and Applied Genetics, 107:306–315.
Kohlen, W., Charnikhova, T., Liu, Q., Bours, R., Domagalska, M., Be-
guerie, S., Verstappen, F., Leyser, O., Bouwmeester, H. & Ruyter-Spira,
C. (2011a). Strigolactones are transported through the xylem and play a
199
References
key role in shoot architectural response to phosphate deficiency in nonar-
buscular mycorrhizal host Arabidopsis. Plant Physiology, 155:974–987.
Kohlen, W., Ruyter-Spira, C. & Bouwmeester, H. J. (2011b). Strigolactones:
a new musician in the orchestra of plant hormones. Botany, 89:827–840.
Koonin, E. V. (2005). Orthologs, paralogs, and evolutionary genomics.
Annual Review of Genetics, 39:309–338.
Kops, J. & van Hall, H. C. (1828). Flora Batava.
Kotov, A. & Kotova, L. (2000). The contents of auxins and cytokinins in
pea internodes as related to the growth of lateral buds. Journal of Plant
Physiology, 156:438–448.
Kretzschmar, T., Kohlen, W., Sasse, J., Borghi, L., Schlegel, M., Bache-
lier, J. B., Reinhardt, D., Bours, R., Bouwmeester, H. J. & Martinoia, E.
(2012). A petunia ABC protein controls strigolactone-dependent symbi-
otic signalling and branching. Nature, 483:341–346.
Kumar, G., Sakthivel, K., Sundaram, R., Neeraja, C., Balachandran, S.,
Shobha Rani, N., Viraktamath, B. & Madhav, M. (2010). Allele mining
in crops: prospects and potentials. Biotechnology Advances, 28:451–461.
Latre´, J., Stoop, T., Dewitte, K. & Decombel, L. (2007). Inkuilen van
vlinderbloemigen. Landbouwcentrum voor Voedergewassen, pp. 1–6.
Leyser, O. (2009). The control of shoot branching: an example of plant
information processing. Plant, Cell and Environment, 32:694–703.
Li, C. J., Herrera, G. J. & Bangerth, F. (1995). Effect of apex excision
and replacement by 1-naphthylacetic acid on cytokinin concentration and
apical dominance in pea plants. Physiologia Plantarum, 94:465–469.
Liang, J., Zhai, L., Challis, R. & Leyser, O. (2010). Strigolactone regula-
tion of shoot branching in chrysanthemum (Dendranthema grandiflorum).
Journal of Experimental Botany, 61:3069–3078.
Ljung, K., Bhalerao, R. & Sandberg, G. (2001). Sites and homeostatic
control of auxin biosynthesis in Arabidopsis during vegetative growth.
The Plant Journal, 28:465–474.
Long, J. & Barton, M. (2000). Initiation of axillary and floral meristems in
Arabidopsis. Developmental Biology, 218:341–353.
200
References
Lo´pez-Ra´ez, J. A., Charnikhova, T., Go´mez-Rolda´n, V., Matusova, R.,
Kohlen, W., De Vos, R., Verstappen, F., Puech-Pages, V., Be´card, G.,
Mulder, P. & Bouwmeester, H. (2008). Tomato strigolactones are de-
rived from carotenoids and their biosynthesis is promoted by phosphate
starvation. New Phytologist, 178:863–874.
Lund, A. & Lund, M. (2013). Laerd statistics: One-way
ANOVA. https://statistics.laerd.com/statistical-guides/one-way-anova-
statistical-guide-4.php. Last accessed at 28 January 2014.
Mart´ın-Trillo, M., Grand´ıo, E. G., Serra, F., Marcel, F., Rodr´ıguez-Buey,
M. L., Schmitz, G., Theres, K., Bendahmane, A., Dopazo, H. & Cubas, P.
(2011). Role of tomato BRANCHED1 -like genes in the control of shoot
branching. The Plant Journal, 67:701–714.
Marum, P., Smith, R. & Grau, C. (1994). Development of procedures to
identify red clover resistant to Sclerotinia trifoliorum. Euphytica, 77:257–
261.
Mashiguchi, K., Sasaki, E., Shimada, Y., Nagae, M., Ueno, K., Nakano,
T., Yoneyama, K., Suzuki, Y. & Asami, T. (2009). Feedback-regulation
of strigolactone biosynthetic genes and strigolactone-regulated genes in
Arabidopsis. Bioscience, Biotechnology, and Biochemistry, 73:2460–2465.
Maˆıtre, J., Assemat, L. & Jacquard, P. (1985). Croissance du tre`fle violet
(Trifolium pratense L.) en association avec du ray-grass d’italie (Lolium
multiflorum Lam. ssp. italicum). I. - Description de l’organisation mor-
phologique du tre`fle. Agronomie, 5:251–260.
McDonald, J. (2013). Handbook of biological statistics (3rd ed.). Sparky
House Publishing, Baltimore, Maryland.
McSteen, P. & Leyser, O. (2005). Shoot branching. Annual Review of Plant
Biology, 56:353–374.
Mu¨ller, D. & Leyser, O. (2011). Auxin, cytokinin and the control of shoot
branching. Annals of Botany, 107:1203–1212.
Monks, D., Baird, I., Ford, J., Rumball, W. & Rolston, M. (2010). Seed
yield variation in a red clover breeding population. Proceedings of the 7th
International Herbage Seed Conference, pp. 120–124.
201
References
Moot, D. J., Scott, W. R., Roy, A. M. & Nicholls, A. C. (2000). Base
temperature and thermal time requirements for germination and emer-
gence of temperate pasture species. New Zealand Journal of Agricultural
Research, 43:15–25.
Moreau, D., Salon, C. & Munier-Jolain, N. (2006). Using a standard frame-
work for the phenotypic analysis of Medicago truncatula: an effective
method for characterizing the plant material used for functional genomics
approaches. Plant, Cell & Environment, 29:1087–1098.
Morris, J. & Greene, S. (2001). Defining a multiple-use germplasm collection
for the genus Trifolium. Crop Science, 41:893–901.
Nelson, C. (2000). Shoot morphological plasticity of grasses: leaf growth
vs. tillering. In: Lemaire, G., Hodgson, J., de Moraes, A., de F Carvalho,
P. & Nabinger, C., editors., Grassland ecophysiology and grazing ecology,
pp. 101–126. CABI Publishing, Oxfordshire, UK.
Nelson, D., Ming, R., Alam, M. & Schuler, M. (2008). Comparison of
cytochrome P450 genes from six plant genomes. Tropical Plant Biology,
1:216–235.
Nelson, S. (1994). Genotype and cropping system effects on cowpea growth
and yield. Ph.D. thesis, University of Arizona.
Nordstro¨m, A., Tarkowski, P., Tarkowska, D., Norbaek, R., A˚stot, C.,
Dolezal, K. & Sandberg, G. (2004). Auxin regulation of cytokinin biosyn-
thesis in Arabidopsis thaliana: A factor of potential importance for auxin-
cytokinin regulated development. Proceedings of the National Academy
of Sciences USA, 101:8039–8044.
Ongaro, V. & Leyser, O. (2008). Hormonal control of shoot branching.
Journal of Experimental Botany, 59:67–74.
Peng, J., Richards, D., Hartley, N., Murphy, G., Devos, K., Flintham, J.,
Beales, J., Fish, L., Worland, A., Pelica, F., Sudhakar, D., Christou,
P., Snape, J., Gale, M. & Harberd, N. (1999). ’Green revolution’ genes
encode mutant gibberellin response modulators. Nature, 400:256–261.
Phillips, G., Collins, G. & Taylor, N. (1982). Interspecific hybridization of
red clover (Trifolium pratense L.) with T. sarosiense Hazsl. using in vitro
embryo rescue. Theoretical and Applied Genetics, 62:17–24.
202
References
Prusinkiewicz, P., Crawford, S., Smith, R., Ljung, K., Bennett, T., Ongaro,
V. & Leyser, O. (2009). Control of bud activation by an auxin transport
switch. Proceedings of the National Academy of Sciences, 106:17431–
17436.
Rae, G. M., David, K. & Wood, M. (2013). The dormancy marker
DRM1 /ARP associated with dormancy but a broader role in planta.
Developmental Biology Journal. doi:10.1155/2013/632524.
Rameau, C., Bellec, Y., Grillot, P., Parmenter, K., Beveridge, C. & Turn-
bull, C. (2002). Mutations at several loci suppress vegetative axillary
meristem initiation in pea. Pisum Genetics, 34:15–19.
Rattray, P. (2005). Clover management, research, development & extension
in the New Zealand pastoral industries. Technical report, Sustainable
Farming Fund.
Ravagnani, A., Abberton, M. & Skot, L. (2012). Development of genomic re-
sources in the species of Trifolium L. and its application in forage legume
breeding. Agronomy, 2:116–131.
Riday, H. (2011). Paternity testing: A non-linkage based marker-assisted
selection scheme for outbred forage species. Crop Science, 51:631–641.
Rose, T., Schultz, E., Henikoff, J., Pietrokovski, S., McCallum, C. &
Henikoff, S. (1998). Consensus-degenerate hybrid oligonucleotide primers
for amplification of distantly related sequences. Nucleic Acids Research,
26:1628–1635.
Ruijter, J., Ramakers, C., Hoogaars, W., Karlen, Y., Bakker, O., van den
Hoff, M. & Moorman, A. (2009). Amplification efficiency: linking baseline
and bias in the analysis of quantitative PCR data. Nucleic Acids Research,
37:e45.
Rumball, W., Keogh, R. & Miller, J. (2003). ’Crossway’ and ’Grasslands
Broadway’ red clovers (Trifolium pratense L.). New Zealand Journal of
Agricultural Research, 46:57–59.
Ruttink, T., Sterck, L., Rohde, A., Bendixen, C., Rouze´, P., Asp, T., Van de
Peer, Y. & Roldan-Ruiz, I. (2013). Orthology Guided Assembly in highly
heterozygous crops: creating a reference transcriptome to uncover genetic
diversity in Lolium perenne. Plant Biotechnology Journal, 11:605–617.
203
References
Ruyter-Spira, C., Kohlen, W., Charnikhova, T., van Zeijl, A., van Be-
zouwen, L., de Ruijter, N., Cardoso, C., Lopez-Raez, J., Matusova, R.,
Bours, R., Verstappen, F. & Bouwmeester, H. (2011). Physiological ef-
fects of the synthetic strigolactone analog GR24 on root system architec-
ture in Arabidopsis: Another belowground role for strigolactones? Plant
Physiology, 155:721–734.
Saracutu, O., Cnops, G., Rolda´n-Ruiz, I. & Rohde, A. (2010). Phenotypic
assesment of variability in tillering and early development in ryegrass
(Lolium spp.). In: Huyghe, C., editor, Sustainable Use of Genetic Diver-
sity in Forage and Turf Breeding, pp. 155–160. Springer, Dordrecht, the
Netherlands.
Sato, D., Awad, A., Chae, S., Yokota, T., Sugimoto, Y., Takeuchi, Y. &
Yoneyama, K. (2003). Analysis of strigolactones, germination stimulants
for Striga and Orobanche, by high-performance liquid chromatography/-
tandem mass spectrometry. Journal of Agricultural and Food Chemistry,
51:1162–1168.
Sato, S., Isobe, S., Asamizu, E., Ohmido, N., Kataoka, R., Nakamura,
Y., Kaneko, T., Sakurai, N., Okumura, K., Klimenko, I., Sasamoto, S.,
Wada, T., Watanabe, A., Kohara, M., Fujishiro, T. & Tabata, S. (2006).
Comprehensive structural analysis of the genome of red clover (Trifolium
pratense L.). DNA Research, 12:301–364.
Schmitz, G. & Theres, K. (1999). Genetic control of branching in Arabidop-
sis and tomato. Current Opinion in Plant Biology, 2:51–55.
Schmitz, G. & Theres, K. (2005). Shoot and inflorescence branching. Cur-
rent Opinion in Plant Biology, 8:506–511.
Schneider, C., Rasband, W. & Eliceiri, K. (2012). NIH image to ImageJ: 25
years of image analysis. Nature Methods, 9:671–675.
Schumacher, K., Schmitt, T., Rossberg, M., Schmitz, G. & Theres, K.
(1999). The Lateral suppressor (Ls) gene of tomato encodes a new mem-
ber of the VHIID protein family. Proceedings of the National Academy of
Sciences of the United States of America, 96:290–295.
Shen, Y., Jiang, H., Zhai, G. & Cai, Q. (2013). Effects of cutting height
on shoot regrowth and forage yield of alfalfa (Medicago sativa L.) in a
short-term cultivation system. Grassland Science, 59:73–79.
204
References
Shimizu-Sato, S. & Mori, H. (2001). Control of outgrowth and dormancy
in axillary buds. Plant Physiology, 127:1405–1413.
Shinohara, N., Taylor, C. & Leyser, O. (2013). Strigolactone can promote or
inhibit shoot branching by triggering rapid depletion of the auxin eﬄux
protein PIN1 from the plasma membrane. PLoS Biology, 11:e1001474.
doi:10.1371/journal.pbio.1001474.
Shoemaker, R. C., Polzin, K., Labate, J., Specht, J., Brummer, E. C., Olson,
T., Young, N., Concibido, V., Wilcox, J., Tamulonis, J., Kochert, G. &
Boerma, H. R. (1996). Genome duplication in soybean (Glycine subgenus
soja). Genetics, 144:329–338.
Snowden, K. C., Simkin, A. J., Janssen, B. J., Templeton, K. R., Loucas,
H. M., Simons, J. L., Karunairetnam, S., Gleave, A. P., Clark, D. G.
& Klee, H. J. (2005). The Decreased apical dominance1 /Petunia hybrida
CAROTENOID CLEAVAGE DIOXYGENASE8 gene affects branch pro-
duction and plays a role in leaf senescence, root growth, and flower de-
velopment. The Plant Cell Online, 17:746–759.
Sonnhammer, E. & Koonin, E. V. (2002). Orthology, paralogy and proposed
classification for paralog subtypes. Trends in Genetics, 18:619–620.
Sorefan, K., Booker, J., Haurogne´, K., Goussot, M., Bainbridge, K., Foo,
E., Chatfield, S., Ward, S., Beveridge, C., Rameau, C. & Leyser, O.
(2003). MAX4 and RMS1 are orthologous dioxygenase-like genes that
regulate shoot branching in Arabidopsis and pea. Genes & Development,
17:1469–1474.
Stafstrom, J. & Sarup, V. (2000). Development of supernumerary buds from
the axillary meristemn of pea, Pisum sativum (Fabaceae). Australian
Journal of Botany, 48:271–278.
Stafstrom, J. P., Ripley, B. D., Devitt, M. L. & Drake, B. (1998). Dormancy-
associated gene expression in pea axillary buds. Planta, 205:547–552.
Stirnberg, P., Chatfield, S. P. & Leyser, H. O. (1999). AXR1 acts after
lateral bud formation to inhibit lateral bud growth in Arabidopsis. Plant
Physiology, 121:839–847.
Stirnberg, P., van de Sande, K. & Leyser, H. (2002). MAX1 and MAX2
control shoot lateral branching in Arabidopsis. Development, 129:1131–
1141.
205
References
Sullivan, M. L., Hatfield, R. D., Thoma, S. L. & Samac, D. A. (2004).
Cloning and characterization of red clover polyphenol oxidase cDNAs
and expression of active protein in Escherichia coli and transgenic alfalfa.
Plant Physiology, 136:3234–3244.
Takeda, T., Suwa, Y., Suzuki, M., Kitano, H., Ueguchi-Tanaka, M.,
Ashikari, M., Matsuoka, M. & Ueguchi, C. (2003). The OsTB1 gene
negatively regulates lateral branching in rice. The Plant Journal, 33:513–
520.
Tanaka, M., Takei, K., Kojima, M., Sakakibara, H. & Mori, H. (2006).
Auxin controls local cytokinin biosynthesis in the nodal stem in apical
dominance. The Plant Journal, 45:1028–1036.
Taylor, N. (2008). A century of clover breeding developments in the United
States. Crop Science, 48:1–13.
Taylor, N. & Quesenberry, K. (1996). Red clover science. Kluwer Academic
Publishers, Dordrecht, The Netherlands.
Thomas, R., Hay, M., Newton, P. & Tilbrook, J. (2003). Relative im-
portance of nodal roots and apical buds in the control of branching in
Trifolium repens L. Plant and Soil, 255:55–66.
Turnbull, C. (2005). Plant architecture and its manipulation. Blackwell
Publishing Ltd, Oxford, UK.
Turnbull, C., Raymond, M., Dodd, I. & Morris, S. (1997). Rapid increases
in cytokinin concentration in lateral buds of chickpea (Cicer arietinum
L.) during release of apical dominance. Planta, 202:271–276.
Ulloa, O., Ortega, F. & Campos, H. (2003). Analysis of genetic diversity
in red clover (Trifolium pratense L.) breeding populations as revealed by
RAPD genetic markers. Genome, 46:529–535.
Umehara, M., Hanada, A., Magome, H., Takeda-Kamiya, N. & Yamaguchi,
S. (2010). Contribution of strigolactones to the inhibition of tiller bud
outgrowth under phosphate deficiency in rice. Plant and Cell Physiology,
51:1118–1126.
Umehara, M., Hanada, A., Yoshida, S., Akiyama, K., Arite, T., Takeda-
Kamiya, N., Magome, H., Kamiya, Y., Shirasu, K., Yoneyama, K., Ky-
ozuka, J. & Yamaguchi, S. (2008). Inhibition of shoot branching by new
terpenoid plant hormones. Nature, 455:195–200.
206
References
Van Bel, M., Proost, S., Wischnitzki, E., Movahedi, S., Scheerlinck, C.,
Van de Peer, Y. & Vandepoele, K. (2012). Dissecting plant genomes with
the plaza comparative genomics platform. Plant Physiology, 158:590–600.
Vanstraelen, M. & Benkova´, E. (2012). Hormonal interactions in the
regualation of plant development. Annual Review of Cell and Develop-
mental Biology, 28:463–487.
Varshney, R., Close, T., Singh, N., Hoisington, D. & Cook, D. (2009).
Orphan legume crops enter the genomics era. Current Opinion in Plant
Biology, 12:202–210.
Varshney, R., Graner, A. & Sorrells, M. (2005). Genomics-assisted breeding
for crop improvement. Trends in Plant Science, 10:621–630.
Vasiljevic, S., Milic, D. & Mikic, A. (2009). Chemical attributes and qual-
ity improvement of forage legumes. Biotechnology in Animal Husbandry,
25:493–504.
Vaverka, M., Vaverka, S. & Vichova, J. (2003). Resistance of cultivars of
the czech assortment of red clover Trifolium pratense L. to the stem and
crown rot Sclerotinia trifoliorum Erikss. Czech Journal of Genetics and
Plant Breeding, 39:326–329.
Veit, B., Briggs, S., Schmidt, R., Yanofsky, M. & Hake, S. (1998). Reg-
ulation of leaf initiation by the terminal ear 1 gene of maize. Nature,
393:166–168.
Verdenal, A. (2009). De la simulation de la morphoge´ne`se de l’appareil
ae´rien du ray-grass anglais (Lolium perenne L.). Exploration d’un sche´ma
cyberne´tique inspire´ du concept d’auto-organisation et applications. Ph.D.
thesis, Universite´ de Poitiers.
Verdenal, A., Combes, D. & Escobar-Gutie´rrez, A. (2008). A study of rye-
grass architecture as a self-regulated system, using functional-structural
plant modelling. Functional Plant Biology, 35:911–924.
Vescovi, P. (1983). Mise a` fleur du Trifolium pratense L: action de
diffe´rentes tempe´ratures en fonction de la photope´riode. II - En pho-
tope´riode de´favorable de 9 h ou en photope´riode interme´diaire de 12 h.
Revue de cytologie et de biologie ve´ge´tales, Le Botaniste, 6:111–127.
Vleugels, T. (2013). Breeding for resistance to clover rot (Sclerotinia spp.) in
red clover breeding (Trifolium pratense). Ph.D. thesis, Ghent University.
207
References
Vleugels, T., Baert, J. & Van Bockstaele, E. (2013a). Morphological and
pathogenic characterization of genetically diverse sclerotinia isolates from
european red clover crops (Trifolium pratense L.). Journal of Phytopathol-
ogy, 161:254–262.
Vleugels, T., Cnops, G. & Van Bockstaele, E. (2013b). Screening for resis-
tance to clover rot (Sclerotinia trifoliorum) among a diverse collection of
red clover populations (Trifolium pratense L.). Euphytica, 194:371–382.
Vleugels, T., Rolda´n-Ruiz, I. & Cnops, G. (2014). Influence on seed yield of
several flower and flowering characteristics in diploid and tetraploid red
clover. Plant Breeding. Submitted.
Vogel, J., Walter, M., Giavalisco, P., Lytovchenko, A., Kohlen, W.,
Charnikhova, t., Simkin, A., Goulet, C., Strack, D., Bouwmeester, H.,
Fernie, A. & Klee, H. (2010). SlCCD7 controls strigolactone biosynthe-
sis, shoot branching and mycorrhiza-induced apocarotenoid formation in
tomato. The Plant Journal, 61:300–311.
Volenec, J. (1998). Forage production: compromises among yield, quality,
and persistence. Purdue University, pp. 1–6.
Volenec, J., Ourry, A. & Joern, B. (1996). A role for nitrogen reserves in
forage regrowth and stress tolerance. Physiologia Plantarum, 97:185–193.
Wang, Y. & Li, J. (2005). The plant architecture of rice (Oryza sativa).
Plant Molecular Biology, 59:75–84.
Wang, Y. & Li, J. (2008). Molecular basis of plant architecture. Annual
Review of Plant Biology, 59:253–279.
Ward, S. & Leyser, O. (2004). Shoot branching. Current Opinion in Plant
Biology, 7:73–78.
Ward, S., Salmon, J., Hanley, S., Karp, A. & Leyser, O. (2013). Using
Arabidopsis to study shoot branching in biomass willow. Plant Physiology,
162:800–811.
Waters, M. T., Nelson, D. C., Scaffidi, A., Flematti, G. R., Sun, Y. K.,
Dixon, K. W. & Smith, S. M. (2012). Specialisation within the DWARF14
protein family confers distinct responses to karrikins and strigolactones
in Arabidopsis. Development, 139:1285–1295.
208
References
Wiersma, D., Smith, R., Mlynarek, M., Rnad, R., Sharpee, D. & Under-
sander, D. (1998). Harvest management effect on red clover forage yield,
quality, and persistence. Journal of Production Agriculture, 11:309–313.
Wilhelm, W. & McMaster, G. (1995). Importance of the phyllochron in
studying development and growth in grasses. Crop Science, 35:1–3.
Winters, A. & Minchin, F. (2001). Red clover and the future for pasture
legumes as an alternative protein source for ruminants. IGER Innova-
tions, pp. 30–33.
Xie, X., Yoneyama, K., Kurita, J., Harada, Y., Yamada, Y., Takeuchi, Y.
& Yoneyama, K. (2009). 7-oxoorobanchyl acetate and 7-oxoorobanchol
as germination stimulants for root parasitic plants from flax (Linum usi-
tatissimum). Bioscience, Biotechnology, and Biochemistry, 73:1367–1370.
Xie, X., Yoneyama, K., Kusumoto, D., Yamada, Y., Yokota, T., Takeuchi,
Y. & Yoneyama, K. (2008). Isolation and identification of alectrol as
(+)-orobanchyl acetate, a germination stimulant for root parasitic plants.
Phytochemistry, 69:427–431.
Xie, X., Yoneyama, K. & Yoneyama, K. (2010). The strigolactone story.
Annual Review of Phytopathology, 48:93–117.
Yang, X. & Hwa, C. (2008). Genetic modification of plant architecture and
variety improvement in rice. Heredity, 101:396–404.
Yates, S., Swain, M., Hegarty, M., Chernukin, I., Lowe, M., Allison, G.,
Ruttink, T., Abberton, M., Jenkins, G. & Skøt, L. (2014). De novo
assembly of red clover transcriptome based on RNA-seq data provides
insight into drought response, gene discovery and marker identification.
BMC Genomics. Submitted.
Yoneyama, K., Takeuchi, Y. & Yokota, T. (2001). Production of clover
broomrape seed germination stimulants by red clover root requires nitrate
but is inhibited by phosphate and ammonium. Physiologia Plantarum,
112:25–30.
Yoneyama, K., Xie, X., Kusumoto, D., Sekimoto, H., Sugimoto, Y.,
Takeuchi, Y. & Yoneyama, K. (2007a). Nitrogen deficiency as well as
phosphorus deficiency in sorghum promotes the production and exudation
of 5-deoxystrigol, the host recognition signal for arbuscular mycorrhizal
fungi and root parasites. Planta, 227:125–132.
209
References
Yoneyama, K., Yoneyama, K., Takeuchi, Y. & Sekimoto, H. (2007b). Phos-
phorus deficiency in red clover promotes exudation of orobanchol, the
signal for mycorrhizal symbionts and germination stimulant for root par-
asites. Planta, 225:1031–1038.
Zdobnov, E. M. & Apweiler, R. (2001). InterProScan - an integration plat-
form for the signature-recognition methods in InterPro. Bioinformatics,
17:847–848.
210
Curriculum Vitae
Personal details
Name Annemie Van Minnebruggen
Address Eigenlostraat 154
9100 Sint-Niklaas
Belgium
Mobile phone 0472/85 59 41
E-mail annemie vanminnebruggen@hotmail.com
Education
2010 - present, ILVO (Institute for Agricultural and Fisheries Research),
Melle
PhD: Morphological and genetic variation of plant architecture in
Trifolium pratense
Supervisors: Geert Haesaert and Gerda Cnops
2004 - 2009, Ghent University, Master Bioscience Engineering, specialisa-
tion: Cell and Gene Biotechnology
Master thesis: Functional analysis of ANG3 and RON3 genes that
determine leaf size and shape in Arabidopsis thaliana, VIB, Supervi-
sor: Mieke Van Lijsebettens
Internship: Branching in red clover, ILVO, Supervisor: Gerda Cnops
Curriculum Vitae
Experience
Guidance master thesis student HoGent, Emile Redant (2012 - 2013)
Visit and stay in a lab abroad, Wageningen, the Netherlands (May 2012)
Guidance internship student UGent, Kim De Paepe (2011)
Guidance bachelor thesis student KaHo Sint-Lieven, Magali Losschaert
(2011)
Guidance master thesis student UGent, Judith Van Dingenen (2010 - 2011)
Conference contributions
30th EUCARPIA Fodder Crops and Amenity Grasses Section Meeting, Vrn-
jacka Banja, Serbia (12-16 May 2013)
Different aspects of shoot branching in red clover
Plant Biology Congress, Freiburg, Germany (29 July 2012 - 3 August 2012)
Analysis of morphological, physiological and molecular aspects of bud out-
growth to dissect branching in red clover (Trifolium pratense).
17th Symposium on Applied Biological Sciences, Leuven (10 February 2012)
Architecture in red clover (Trifolium pratense).
5th Symposium of the Belgian Plant Biotechnology Association, Louvain-
la-Neuve (18 November 2011)
Understanding architecture in red clover (Trifolium pratense).
2nd International Plant Phenotyping Symposium, Ju¨lich, Germany (5-7
September 2011)
Morphological and physiological variation of plant architecture in red clover
(Trifolium pratense).
16th Symposium on Applied Biological Sciences, Gent (20 December 2010)
Morphological variation of plant architecture in red clover (Trifolium
pratense).
212
Curriculum Vitae
Publications
Van Minnebruggen A. et al. (2014). Processes underlying branching differ-
ences in fodder crops. Euphytica, 195:301-313.
Van Minnebruggen A. et al. (2013). Morphological and molecular charac-
terization of branching in red clover (Trifolium pratense). In: Barth, S. &
Milbourne, D., editors, Breeding strategies for sustainable forage and turf
grass improvement, pp. 161-167. Springer, Dordrecht, the Netherlands.
Van Minnebruggen A. et al. (2012). Architecture in red clover (Trifolium
pratense). Communications in Agricultural and Applied Biological Sciences,
77:95-99.
Van Minnebruggen A. et al. (2011). Morphological variation of plant archi-
tecture in red clover (Trifolium pratense). Communications in Agricultural
and Applied Biological Sciences, 76:215-218.
Van Minnebruggen A. et al. (2010). The ang3 mutation identified the
ribosomal protein gene RPL5B with a role in cell expansion during organ
growth. Physiologia Plantarum, 138:91-101.
213
